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PREFACE 


THis final volume of the Course of Theoretical Physics deals with physical ktnetics, 
in the wide sense of the microscopic theory of processes in systems not in 
statistical equilibrium. 

In contrast to the properties of systems that are in statistical equilibrium, the 
kinetic properties are much more closely related to the nature of the microscopic 
interactions in a particular physical object. This is the reason for the enormous 
variety in such properties and the considerably greater complexity of the relevant 
theory. The choice of topics to be included in a general course of theoretical 
physics thereby becomes less clear. 

The scope of the book will be evident from the table of contents, Here we shill 
add only a few remarks. 

Much attention is given to the theory of gases, as the simplest branch, in 
principle, of kinetic theory. Several chapters are concerned with plasma theory, not 
only because of the intrinsic physical significance of this department of kinetic 
theory, but also because many of the problems involved can be completely solved 
and furnish an instructive illustration of the general methods of the kinetic theorv. 

The kinetic properties of solids are especially multifarious. In the selection of 
material for the chapters in question, we naturally had to confine ourselves to the 
most general subjects which exhibit the basic physical kinetic phenomena and the 
methods of treating them. Here we must again emphasize that the book is part of a 
course of theoretical physics, and does not set out to be a textbook of solid state 
theory. : 

There are two evident omissions from the book: the kinetics of magnetic 
processes, and the theory of transport phenomena arising from the passage of fast 
particles through matter. These omissions are due to lack of time, and we resolved 
to accept them for the present edition, so as not to delay its publication any further. 
We trust that, although the book thus does not contain all that it might, everything 
in it will be found both interesting and useful. 

This volume completes the programme laid down by Lev Davidovich Landau 
more than forty years ago. The entire Course comprises the following ten volumes: 


Vol. 1 Mechanics 

Vol. 2 The Classical Theory of Fields 

Vol. 3 > Quantum Mechanics (Non-Relativistic Theory) 

Vol. 4 Quantum Electrodynamics (formerly Relativistic Quantum Theory) 
Vol. 5 Statistical Physics, Part | 

Vol. 6 Fluid Mechanics 


iX 


X Preface 


Vol. 7 Theory of Elasticity 

Vol. 8 Electrodynamics of Continuous Media 
Vol. 9 Statistical Physics, Part 2 

Vol. 10 Physical Kinetics 


The position of Vol. 9 results from the fact that it makes considerable use of 
material from fluid mechanics and macroscopic electrodynamics. 

In the new series of Russian editions begun in 1973, Volumes 1, 2, 3, 5,9 and 10 
have so far appeared. Volume 7 can be reissued with only minor changes. Volume 
4, previously published as Relativistic Quantum Theory, will lose the chapters on 
weak and strong interactions and shortly be reissued as Quantum Electrodynamics. 
Volumes 6 and 8, which have not been reissued for many years, require more 
substantial revision and expansion; we intend to proceed to this in the near future. 

We should like to express our sincere thanks to A. F. Andreev, R. N. Gurzhi, V. 
L. Gurevich, Yu. M. Kagan, M. I. Kaganov and I. M. Lifshitz, with whom we have 
discussed matters treated in the book. We are also grateful to L. P.-Gorkov and A. 
A. Rukhadze, who read the manuscript and made a number of comments. 


November 1978 E. M. Lirsyirz 
L. P. PITAEvskKii 


NOTATION 


Particle distribution function f (Chapters I-VI); momentum distribution function 
always relative to d°p. 

Occupation numbers of quantum states n(p) for electrons and N(k) for phonons 
(Chapters VII and IX-XI); momentum distribution always relative to a plQahy. 

Collision integral C, linearized collision integral I. 

Thermodynamic quantities: temperature T, pressure P, chemical potential p, 
particle number density N, total particle number WN, total volume ¥. 

Electric field E, magnetic induction B; unit electric charge e (electron charge —e). 

In estimates: characteristic lengths L; atomic dimensions and lattice constant d: 
mean free path 1; speed of sound u. 

Averaging is denoted by angle brackets ¢...) or by a bar over a letter. 

Three-dimensional vector suffixes are denoted by Greek letters a, B,.-. 


In Chapters II-VI: 
Electron mass m, ion mass M. 
Electron charge —e, ion charge ze. 
Electron thermal velocity v7. = (T,/m)'”. 
Ion thermal velocity ty, = (T,/M)'?. 
Plasma frequency £2, = (4aN,e7/m)'?, QO, = (4arNjz7e7/M)!”. 
Debye length a, = (T./4aN,e7)'”, a, = (Ty4a7N,z7e7)"", a? = a, 7 +.0,7. 
Larmor frequency wep, = eB/mc, wR = zeB/Mc. 


References to other volumes in the Course of Theoretical Physics: 


Mechanics = Vol. 1 (Mechanics, third English edition, 1976). 

Fields = Vol. 2 (The Classical Theory of Fields, fourth English edition, 1975). 

QM = Vol. 3 (Quantum Mechanics, third English edition, 1977). 

RQT = Vol. 4 (Relativistic Quantum Theory, Part 1, English edition, 1971: Part 2, 
English edition, 1974); to be reissued (see Preface). 

SP 1=Vol. 5 (Statistical Physics, Part 1, third English edition, 1980). 

FM = Vol: 6 (Fluid Mechanics, English edition, 1959). 

TE = Vol. 7 (Theory of Elasticity, second English edition, 1970). 

ECM = Vol. 8 (Electrodynamics of Continuous Media, English edition, 1960). 

SP 2= Vol. 9 (Statistical Physics, Part 2, English edition, 1980). 


All are published by Pergamon Press. 
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CHAPTER I 


KINETIC THEORY OF GASES 


§]. The distribution function 


Tus chapter deals with the kinetic theory of ordinary gases consisting of electric- 
ally neutral atoms or molecules. The theory is concerned with non-equilibrium 
states and processes in an ideal gas. An ideal gas, it will be recalled, is one so 
rarefied that each molecule in it moves freely at almost all times, interacting with 
other molecules only during close encounters with them. That is to say, the mean 
distance between molecules, 7~ N~“? (where N is the number of molecules per 
unit volume), is assumed large in comparison with their size, or rather in com- 
parison with the range d of the intermolecular forces; the small quantity Nd’ ~ 
(d/7)’ is sometimes called the gaseousness parameter. 

The statistical description of the gas is given by the distribution function f(t, q, p) 
of the gas molecules in their phase space. It is, in general, a function of the 
generalized coordinates (chosen in some manner, and denoted jointly by q) and the 
corresponding generalized momenta (denoted jointly by p), and in a non-steady 
state also of the time t. Let dt = dq dp denote a volume element in the phase space 
of the molecule; dq and dp conventionally denote the products of the differentials 
of all the coordinates and all the momenta respectively. The product f dz is the 
mean number of molecules in a given element dt which have values of g and p in 
given ranges dq and dp. We shall return later to this definition of the mean. 

Although the function f will be everywhere understood as the distribution 
density in phase space, there is advantage in expressing it in terms of suitably 
chosen variables, which need not be canonically conjugate coordinates and 
momenta. Let us first of all decide on the choice to be made. 

The translational motion of a molecule is always classical, and is described by 
the coordinates r= (x, y, Zz) of its centre of mass and by the components of the 
momentum p (or the velocity v= p/m) of its motion as a whole. In a monatomic 
Bas, the motion of the particles, which are atoms, is purely translational. In 
Polyatomic gases, the molecules also have rotational and vibrational degrees of 
freedom. 

The rotational motion of a molecule in a gas is almost always classical too.t It is 
described in the first place by the angular momentum vector M of the molecule. 
For a diatomic molecule, this is sufficient. Such a molecule is a rotator turning in a 
Plane perpendicular to M. In actual physical problems, the distribution function 

*The condition for the rotation to be classical is h?/21 <T, where I is the moment of inertia of the 


Molecule and T the temperature of the gas. This condition can be violated in ordinary gases only for 
Ydrogen and deuterium at low temperatures. 
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may be regarded as independent of the angle g of rotation of the axis of the 
molecule in this plane, all orientations of the molecule in the plane being equally 
probable. This is because the angle ~ changes rapidly as the molecule rotates, and 
the result may be understood as follows. 

The rate of change of (the angular velocity of rotation of the molecule) is 
¢ =Q= MILT. Its mean value (1 ~ o/d, where d is the molecular dimension and 0 the 
mean linear speed. Different molecules have various values of 0, distributed in 
some way about ©. Thus molecules which initially had the same ¢ very soon 
acquire different values; there is a rapid “mixing” with regard to angles. Let the 
distribution of molecules in angle ~ = gp (in the range from 0 to 277) and in Q at the 
initial instant t = 0 be given by a function f(g, 0). We separate from it the mean 
value independent of ¢: 


cs = fO) + f'(@o, Q), 
a 1 2a 
KOY=5- | He deo 


so that f’(go, Q) is a function periodic in go with period 27 and zero mean. In the 
course of time, the free rotation of the molecules (¢ = Qt + go) changes the distribu- 
tion function: 


f(g, O, t) = FQ) + fe — 24, O); 


In the course of time, f’ becomes a more and more rapidly oscillating function of 0: the 
characteristic period of oscillation AQ ~ 2z/t, and becomes small in comparison with 
O even during the mean free time of the molecules between collisions. All observable 
physical quantities, however, involve some averaging of the distribution function with 
respect to 0; the contribution of the rapidly oscillating function f’ to such mean values 
is negligible. This enables us to replace the distribution f(~, ) by the angle-averaged 
function f(Q). 

The above arguments are, of course, general ones, and apply to any rapidly 
varying quantities (phases) which take values in finite ranges. 

Returning to the rotational degrees of freedom of molecules, let us note that in 
polyatomic gases the distribution function may also depend on the angles which 
specify the fixed orientation of the axes of the molecules relative to the vector M. 
For example, in molecules of the symmetrical-top type this is the precession angle 
between M and the axis of the top, whereas the distribution function may again be 
regarded as independent of the rapidly varying angles of rotation of the top about 
its own axis and precession of this axis about M.t 

The vibrational motion of the atoms within the molecule is practically always 


tIn the rotation of a spherical-top molecule, such as CHa, the two angles remain constant which define 
the orientation of the molecule relative to M (i.e. the direction of the angular velocity ©). In the rotation 
of an asymmetrical-top molecule, a combination of angles remains constant which represents the 
rotational energy Ero: = M2/2h+ M,2/2hn+ MZ/2Is, where Ms, Mx Mz are the components of the 
constant vector M along the rotating principal axes of inertia of the molecule, 
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quantized, so that the vibrational state of the molecule is specified by the ap- 
propriate quantum numbers. Under ordinary | conditions (at not too high tem- 
peratures), however, the vibrations are not excited at all, and the molecule is at its 
ground vibrational level. 

In this chapter we shall denote by I the set of all variables on which the 
distribution function depends, other than the coordinates of the molecule as a 
whole (and the time t). We separate from the phase volume element dz the factor 
dV = dx dy dz, and denote by dI° the remaining factor in terms of the variables 
used (and integrated over the angles on which f does not depend). The quantities T 
have an important common property: they are integrals of the motion, and remain 
constant for each molecule during its free motion (in the absence of an external 
field) between successive collisions; but they are in general altered by each 
collision. The coordinates x, y, z of the molecule as a whole vary, of course, during 
its free motion. 

For a monatomic gas, the quantities [ are the three components of the momen- 
tum p= mv of the atom, so that dl = d’p. For a diatomic molecule, I includes not 
only the momentum p but also the angular momentum M;; accordingly, dl’ may be 
expressed as 


dT = 2 d?p MdM doy, (1.1) 


where dow is a solid-angle element for the direction of the vector Mt. For a 
symmetrical-top molecule, the quantities [ include also the angle @ between M and the 
axis of the top; then 


dT = 477? d*p M? dM dowd cos @ 


(one factor of 27 comes from integration over the angle of rotation of the top 
about its axis, and another from integration over the angle of precessional rotation). 
The integral 


f(t,r, Ddl = N(t,r) 


is the spatial distribution density of gas particles; NdV is the mean number of 
molecules in the volume element dV. Here the following comments are needed. 
An infinitesimal volume element dV really means one that is not mathematically 
but physically small, ie. a region of space which is very small in comparison with 
the characteristic dimensions L of the problem, but still large in comparison with 
Molecular dimensions. The statement that a molecule is in a given volume element 


tThis expression can be derived by first writing 
dY = d’p8(M..n) d°M do, 
= d’p&(M cos 6)M’ dM domd cos 6 dy, 
pee d0n= d cos 6 dg is a solid-angle element for the direction of the molecule axis (@ being the angle 
Ween this axis and M). The delta function expresses the fact that M has only two independent 


omPonents (corresponding to the number of rotational degrees of freedom of a diatomic molecule): M 
Perpendicular to the molecule axis. Integration of this formula over d cos @ dg gives (1.1). 
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dV therefore defines its position, at best, only to within distances of the order of its 
dimensions. This is a very important point. If the coordinates of the gas particles 
were specified exactly, then the result of a collision between, say, two atoms of a 
monatomic gas moving in definite classical paths would also be entirely definite. If, 
however, the collision is between atoms in a given physically small volume (as 
always in the kinetic theory of gases), the uncertainty in the relative position of the 
atoms means that the result of the collision also is uncertain, and only the 
probability of one or another outcome can be considered. 

We can now specify that the mean number density of particles refers to 
averaging over the volumes of physically infinitesimal elements thus defined. and 
correspondingly over times of the order of that taken by the particles to traverse 
such elements. 

Since the dimensions of the volume elements used in defining the distribution 
function are large in comparison with the molecular dimensions d, the distances L 
over which this function varies considerably must always be large also, in com- 
parison with d. The ratio between the size of the physically infinitesimal volume 
elements and the mean intermolecular distance 7 may in general have any value. 
There is, however, a difference in the nature of the density N determined by the 
distribution function, according to the value of that ratio. If the element dV is not 
large compared with Fr, the density N is not a macroscopic quantity: the fluctua- 
tions of the number of particles present in dV are comparable with its mean value. 
The density N becomes a macroscopic quantity only if it is defined with respect to 
volumes dV containing many particles; the fluctuations in the number of particles 
in these volumes are then relatively small. It is, however, clear that such a 
definition is possible only if also the characteristic dimensions of the problem 
L>*F. 


§2. The principle of detailed balancing 


Let us consider collisions between two molecules, one of which has values of I 
in a given range dI, and the other in a range dI,, and which acquire in the collision 
values in the ranges dI’ and dI respectively; for brevity, we shall refer simply to a 
collision of molecules with T and [\, resulting in I’ and Ij. The total number of 
such collisions per unit time and unit volume of the gas may be written as a product 
of the number of molecules per unit volume, f(t,r, TdT’, and the probability that 
any of them has a collision of the type concerned. This probability is always 
proportional to the number of molecules IT’, per unit volume, f(t.r. TdT, and to 
the ranges dI” and dT} of the values of I for the two molecules after the collision. 
Thus the number of collisions [,l;>I’,I| per unit time and volume may be 
written as 


ww". 030, 0) ff, dt dl, dl ali; (2.1) 


here and henceforward, the affixes to f correspond to those of their arguments 
lr: f,=ft,r,T)), f' =f (tir, l), and so on. The coefficient W is a function of all its 
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arguments I’.+ The ratio of w dI” dI to the absolute value of the relative velocity 
v—v;, of the colliding molecules has the dimensions of area, and is the effective 


collision cross-section: 


do = MET UD) gr ary, (2.2) 


lv — v,| 


The function w can in principle be determined only by solving the mechanical 
problem of collision of particles interacting according to some given law. However, 
certain properties of this function can be elucidated from general arguments. 

The collision probability is known to have an important property which follows 
from the symmetry of the laws of mechanics (classical or quantum) under time 
reversal; see QM, § 144. Let I’ denote the values of the quantities obtained from T 
by time reversal. This operation changes the signs of all linear and angular 
momenta; hence, if [ =(p,M), then I’ =(—p,—M). Since time reversal inter- 
changes the states that are ‘“‘before”’ and ‘‘after” the collision we have 


w7.i3 1,0) = ww, 0307, 647). (2.3) 


This relation implies, in a state of statistical equilibrium, the principle of detailed 
balancing, according to which the number of collisions T,T,-I’, I; is equal, in 
equilibrium, to the number I T Ti’ ~I',T,'. For, expressing these numbers in the 
form (2.1), we have 


wT P,P) fofor dv d¥, d¥’ dl, = wT 7307, Pi) fof dV? dD? al? a7, 


where fo is the equilibrium (Boltzmann) distribution function. The product of phase 
volume elements dT dI, dl’ dV! is unaltered by time reversal; the differentials on 
the two sides of the above equation may therefore be omitted. Next, when t is 
replaced by —t, the energy is unchanged: e(I) = (7), where e(I) is the energy of 
the molecule as a function of the quantities [. Since the equilibrium distribution 
function (in a gas at rest as a whole) depends only on the energy, 


fo) = constant x eT, (2.4) 


Where T is the gas temperature, we have f(I)=fo(I''). Lastly, by the law of 
Conservation of energy in the collision of two molecules e+ €,= €'+ €;. Hence 


fofor = fofor, (2.5) 


and the above equation reduces to (2.3). 


This assertion remains valid, of course, for a gas moving with a macroscopic 


P *The characteristics of the initial (i) and final (f) states in w are written from right to left, w(f, i) as is 
Ustomary in quantum mechanics. 
st should be emphasized immediately that, although the free motion of molecules is assumed classical, 
ane oes not at all mean that their collision cross-section need not be determined quantum-mechanic- 
rake In fact, it usually must be so determined. The whole of the derivation of the transport equation 
8lven here is independent of the classical or quantum nature of the function w. 


Pro _ a 
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velocity V. The equilibrium distribution function is then 


fo(T) = constant x exp (- OPV), (2.6) 
and equation (2.5) continues to be valid because of the conservation of momentum 
in collisions: p+ pi = p’+ pi.t 

Note that (2.5) depends only on the form of the distribution (2.4) or (2.6) as a 
function of [; the parameters T and V may vary through the gas volume. 

The principle of detailed balancing may also be expressed in a somewhat 
different form. To do so, we apply not only time reversal but spatial inversion, 
changing the sign of all coordinates. [f the molecules are not sufficiently sym- 
metrical, they become their stereoisomers on inversion, and they cannot be made 
to coincide with these by any rotation of the molecule as a whole.t In such cases, 
inversion would mean replacing the gas by an essentially different substance, and 
no new conclusions would be available as to its properties. If, however, the 
symmetry of the molecule does not allow stereoisomerism, the gas remains the 
same on inversion, and the quantities which describe the properties of a macro- 
scopically homogeneous gas must remain unaltered. 

Let I’ denote the set of quantities obtained from [ by simultaneous time 
reversal and inversion. Inversion changes the sign of all ordinary (polar) vectors, 
including the momentum p, but leaves unchanged the axial vectors, including the 
angular momentum M. Hence, if T =(p, M), then I’? = (p,—M). As well as (2.3), 
we have the equation§ 


wil”, Ti; r, I) aa w(T, a 3 er ri). (2.7) 


Transitions corresponding to the functions w on the two sides of (2.3) are said to 
be mutually time-reversed. They are not strictly direct and reverse transitions, 
since [ and I? are not the same. For a monatomic gas, however, the principle of 
detailed balancing can also be expressed in relation to direct and reverse 
transitions. Since the quantities [ are here just the three momentum components of 
the atom, [=I = p, and from (2.7) 


w(p’, pis P- Pi) = w(p, pis p’. pi)- (2.8) 


This is detailed balancing in the literal sense: each microscopic collision process is 
balanced by the reverse process. 

The function w satisfies one further general relation which does not depend on 
the symmetry under time reversal, and which can be most clearly derived in 


tEquation (2.6) is obtained from (2.4) by transforming the energy of the molecule from the frame of 
reference Ko in which the gas is at rest to the frame K in which it moves with velocity V: 
eo(T) = €(1)— p.V+3mV’; see Mechanics (3.5). 

tStereoisomers exist for molecules that have no centre of symmetry and no plane of symmetry. 

§If the quantities I include also variables specifying the rotational orientation of the molecule, they 
too must be transformed in a certain way in going to ['' or I''”. For instance, the precession angle of a 
symmetrical top is given by the product M.n, where u is the direction of the axis of the molecule; this 
quantity changes sign both under time reversal and under inversion. 
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quantum-mechanical terms, the transitions considered being between States form- 
ing a discrete series. These are states of a pair of molecules moving in a given finite 
volume. The probability amplitudes of various collision processes forma unitary 
matrix S, the scattering matrix or S-matrix. The unitarity condition is S°S = 1, or, 
in explicit form with the matrix suffixes which label the various states, 


> SinSnk 7: > SFiS = Six. 
In particular, when i = k, 


2 \S..|? = 1. 


The square |S,,|? gives the probability of a collision with the transition i>n,f and 
the above equation is simply the normalization condition for probabilities: the sum 
of the probabilities for all possible transitions from a given initial state is unity. The 
unitarity condition may also be written as SS* = 1, with the opposite order of the 
factors S and S*. We then have =,, Si,Si, = 5x, and when i =k 


> |Sin? = 1, 
so that the sum of the probabilities for all possible transitions to a given final state 
is unity. Subtracting from each sum the one term with n =i (transition without 
change of state), we can write 


>’ |Sril? = >" Sin. 
n n 
This is the required equation. In terms of the functions w, it becomes 


| wl’, 31,0) dl’ dl = { w(, 0,31", 0) dl’ dW". (2.9) 


$3. The Boltzmann transport equation 


oe us now go on to derive the basic equation in the kinetic theory of gases, 
Which is satisfied by the distribution function (task), 


If collisions between molecules were entirely negligible, each gas molecule would 


consti 5 istributi i 
ne a closed subsystem, and the distribution function of the molecules would 
ey Liouville’s theorem, according to which 


df[dt =0; (3.1) 
tFor lar . : : 
ge values of the time 1, |Sju|’ is proportional to t, and division b i iti 
pr +): Bt 2 | On t, y t gives the transition 
obability per unit ume; cf. RQT, §64. If the wave functions of the initial and final particles are 


Normalized to one i i wo wt =q: 5 . 
: particle per unit volume, this “probability” has the same dim i 
th quantity wd aT, defied be p P y m ensions (volume/time) as 
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see SP }, §3. The total derivative here corresponds to differentiation along the 
phase path of the molecule, which is determined by its equations of motion. 
Liouville’s theorem applies to a distribution function defined as the density in 
phase space (i.e. in the space of variables that are canonically conjugate general- 
ized coordinates and momenta). This of course does not prevent f itself from being 
subsequently expressed in terms of any other variables. 

In the absence of an external field, the quantities [ for a freely moving molecule 
remain constant, and only its coordinates r vary; then 


dfidt = aflat+v. Vf. (3.2) 


If, on the other hand, the gas is in, for example, an external field U(r) acting on the 
coordinates of the centre of mass of the molecule (a gravitational field, say), then 
4 


dfidt = aflat+v.Vf+F. aflap, (3.3) 


where F = — VU is the force exerted on the molecule by the field. 

When collisions are taken into account, (3.1) is no longer valid, and the dis- 
tribution function is no longer constant along the phase paths. Instead of (3.1), we 
have 


dfjdt = C(f), (3.4) 


where C(f) denotes the rate of change of the distribution function by virtue of 
collisions: dV dI C(f) is the change due to collisions, per unit time, in the number 
of molecules in the phase volume dV dT’. Equation (3.4), in the form 


offat=—v.Vf+C(Ff), 


with df/dt taken from (3.2), gives the total change in the distribution function at a 
given point in phase space; the term dV dI'v.Vf is the decrease per unit time in 
the number of molecules in this phase space element because of their free motion.’ 

The quantity C(f) is called the collision integral, and equations of the form (3.4) 
go by the general name of transport equations. Of course, the transport equation 
becomes meaningful only when the form of the collision integral has been 
established. We shall now discuss this topic. 

When two molecules collide, their values of T are changed. Hence every collision 
undergone by a molecule transfers it out of a particular range dT; such collisions 
are referred to as “losses”. The total number of collisions [,l, 21, Ti with all 
possible values of I), I’, | and given [', occurring in a volume dV per unit time, is 
equal to the integral 


dV ar { w(I’, Ti; T, UT pffidl: dl’ aM. 


There are also collisions (‘gains’) which bring into the range al molecules which 
originally had values outside that range. These are collisions I’, >T,T), again with 
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all possible I, 1, Pi and givenI’. The total number of such collisions in the volume dV 
per unit time is 


dV ar f wir Poet dl, al’ dV. 


Subtracting the losses from the gains, we thus find that as a result of all collisions 
the relevant number of molecules is increased, per unit time, by 


dv a | (w'f'f — wffdl aI” ai, 


where for brevity 
wew(, Fir), w=wlul, Pp. (3.5) 


We therefore have the following expression for the collision integral: 
C= | ow'f'fi— wif) ati a” dP. 3.6) 


In the second term in the integrand, the integration over dI’ dI relates only to w, 
since f and f; do not depend on these variables. This part of the integral can 
therefore be transformed by means of the unitarity relation (2.9). The collision 
integral then becomes 


C(f) = | w'(f'fi — ff) aD, a0” aT, (3.7) 


in which both terms have the factor w’.t 


Having established the form of the collision integral, we can write the transport 
equation as 


aflat+v.Vf = | w'(f'fi — ffi) dT, al” aT. (3.8) 


This integro-differential equation is also called the Boltzmann equation; it was first 
derived by Ludwig Boltzmann, the founder of the kinetic theory, in 1872. 
_ The equilibrium statistical distribution must satisfy the transport equation iden- 
tically. This condition is in fact fulfilled. The equilibrium distribution is stationary 
ae a the absence of an external field) uniform; the left-hand side of (3.8) is 
ee ose eee zero. The collision integral also is zero, since the integrand 
is = A virtue of (2.5). The equilibrium distribution for a gas in an external field 
ae atisfies the transport equation, of course. We need only recall that the 
and side of the transport equation is the total derivative df/dt, which is 


*The ae ens 7 Bese 
Possibility of transf th | i 
Stueckelberg Ge) orming the collision integral by means of (2.9) was noted by E. C. G. 
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identically zero for any function f that depends only on integrals of the motion; 
and the equilibrium distribution is expressed solely in terms of the total energy e(I) 
of the molecule, which is an integral of the motion. 

In the above derivation of the transport equation, collisions were regarded as 
essentially instantaneous and occurring at a particular point in space. It is therefore 
clear that the equation allows us in principle to follow the variation of the 
distribution function only over times long compared with the duration of collisions, 
and over distances large compared with the size of the region in which a collision 
takes place. These distances are of the order of the range of action d of the 
molecular forces (and for neutral molecules, this is equal to their dimensions); the 
collision time is of the order of d/v. Such values give the lower limit of distances 
and times that can be dealt with by means of the transport equation; the origin of 
these limitations will be considered in § 16. In practice, however, there is usually no 
need (and no possibility) for such a detailed account of the behaviour of the 
system, which would require, in particular, the specification of the initial conditions 
(coordinates and velocities of the gas molecules) with the same accuracy, which is 
impracticable. In actual physical problems, there are characteristic lengths L and 
times T imposed on the system by the conditions of the problem (characteristic 
gradient lengths for the macroscopic properties of the gas, wavelengths and periods 
of sound waves propagated in it, and so on). It is then sufficient to follow the 
behaviour of the system over distances and times small compared with these L and 
T. That is, the physically infinitesimal volume and time elements need be small only 
in comparison with L and T. The initial conditions of the problem are also averaged 
over such elements. 

For a monatomic gas, the quantities [ reduce to the three components of the 
Momentum p, and from (2.8) the functions w’ in the collision integral can be 
replaced by w= w’'(p’, pi; p, pi). Then. expressing this function in terms of the 
differential collision cross-section do by wd’p’ d’p{ = v, do (where ra = |v— vil; 
see (2.2)), we find 


CO) = | olf’ Fi- ff) dod ps. 3.9) 


The function w, and therefore the cross-section do defined by (2.2), contain 
delta-function factors which express the conservation laws for momentum and 
energy, as a result of which the variables p., p’ and p; (for a given p) are not in fact 
independent. However, when the collision integral is expressed in the form (3.9), 
we can suppose that these delta functions have been removed by appropriate 
integrations; then do will be the ordinary scattering cross-section, depending (for a 
given v,1) only on the scattering angle. 

For a qualitative treatment of transport phenomena in gases, the collision integral 
is roughly estimated by means of the mean free path I, an average distance 
traversed by a molecule between two successive collisions.t It has, of course, only 
qualitative significance; even its definition varies according to which transport 
phenomenon is under consideration. 


TtThis concept is due to R. Clausius (1858). 
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The mean free path can be expressed in terms of the collision cross-section o 
and the number density N of molecules in the gas. If a molecule travels a unit 
distance in its path, it collides with the molecules present in a volume o (that of a 
cylinder with cross-sectional area o and unit length), the number of which is oN. 


Hence 
I~ I/No. (3.10) 


The collision cross-section o ~ d’, where d is the dimension of the molecule. With 
N~ 1/7. F being the mean distance between molecules, we find 


1~ r(r[dy = ded)’. (3.11) 


Since in a gas r > d, the mean free path | > r. 
The ratio t~l/0 is called the mean free time. For a rough estimate of the 
collision integral, we can put 


Cif) ~-—(f — folt ~ — IDE — fo). (3.12) 


By writing the difference f — fp in the numerator we have taken account of the fact 
that the collision integral is zero for the equilibrium distribution function. The 
minus sign in (3.12) expresses the fact that collisions are the mechanism for 
reaching statistical equilibrium, i.e. they tend to reduce the deviation of the 
distribution function from its equilibrium form. In this sense, t acts as a relaxation 
time for the establishment of equilibrium in each volume element of the gas. 


84. The H theorem 


A gas left to itself, like any closed macroscopic system, will tend to reach a state 
of equilibrium. Accordingly, the time variation of a non-equilibrium distribution 
function in accordance with the transport equation must be accompanied by an 
Increase in the entropy of the gas. We shall show that this is in fact so. 


The €ntropy of an ideal gas in a non-equilibrium macroscopic state described by 
a distribution function f ts 


S= [f log(e/f) dV dT; (4.1) 
see SP 1, §40. Differentiating this expression with respect to time, we have 


& - - (f log) dV dT 


a | toe f af dv dI. (4.2) 


eee the establishment of statistical equilibrium in the gas is brought about by 
1slons of molecules, the increase in the entropy must arise from the collisional 
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part of the change in the distribution function. The change in this function due to 
the free motion of the molecules, on the other hand, cannot alter the entropy of the 
gas, since this part of the change in the distribution function is given (for a gas in 
an external field U(r)) by the first two terms on the right-hand side of the equation 


offat=—v.Vf —F. dffop+ C(f). 


Their contribution to the derivative dS/dt is 


= Jroest-v. dffor—F . affap] dV dT = | [v. d/or+F. df/opl¢f log fle) dV dT. 


The integral over dV of the term involving the derivative 4/dr is transformed by 
Gauss’s theorem into a surface integral; it gives zero on integration through the 
whole volume of the gas, since f =0 outside the region occupied by the gas. 
Similarly, the term involving the derivative 4/dp, on integration over d*p, becomes 
an integral over an infinitely distant surface in momentum space, and likewise gives 
zero. 

The change in the entropy is therefore expressed by 


dS/dt = — | log f.C(f) dT dV. (4.3) 


This integral can be transformed by a device which, with a view to later 
applications, we shall formulate for the general integral f e(T)C(f) dl, where ¢(T) is 
any function of the quantities [. With the collision integral in the form (3.6), we 
write 


| o()C(f) al = | ow, Tisl, Poff at — | ow, TT, Toff, aT, 


where for brevity d*T = dI dV, dI’ dl}. Since the integration here is over all the 
variables [',T,, I’, Ui, we can, without altering the integral, rename the variables in 
any manner. Interchanging I, and I’, I; in the second integral, we find 


[emcmar= | @-ewarsr,rorner 


Interchanging here TI’ and T,,T{, taking half the sum of the resulting integrals, 
and noting the obvious symmetry of w with respect to the two colliding particles, 
we obtain the transformation rule 


I U gig? 
[emcmar=$[@+e-e'-obwfiat. (4.4) 
{n particular, f C(f) df =0: with C(f) here in the form (3.7), we have 


fcmar=| worni- so ar=o. (4.5) 
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Applied to the integral (4.3), the rule (4.4) gives 
asat =5 | w'f'filog (fils aT av 
= 3] w’'ffix log x d°T dV, 


where x = f'filffi- Subtracting from this equation half of the zero integral (4.5), we 
convert it to 


dS|dt = ; | w'ffi(x logx —x +1) dT dV. (4.6) 


The function in the parentheses in the integrand is non-negative for all x >0; it is 
zero when x = 1, increasing on either side of that point. By definition, the factors 
w’,f and f, in the integrand are also positive. We thus obtain the required result, 


dS/dt = 0, (4.7) 


expressing the law of increase of entropy; the equality occurs at equilibrium.t 
Note that, since the integrand in (4.6) (and therefore in (4.3)) is non-negative, not 
only the whole integral (4.3) over dI' dV but also that over dI alone is positive. 
Thus collisions increase the entropy in each volume element of the gas. This does not, 
of course, implythat the entropy itself increasesin every volumeelement, since it can be 
transferred from one region to another by the free motion of the molecules. 


§5. The change to macroscopic equations 


The Boltzmann transport equation gives a microscopic description of the way in 
which the state of the gas varies with time. We shall show how the transport 
equation can be converted into the usual equations of fluid mechanics, which give a 
less detailed, macroscopic description of this time variation. The description is 
valid when the macroscopic properties (temperature, density, velocity, etc.) of the 
8as vary sufficiently slowly through its volume: the distances L over which they 
change appreciably must be much greater than the mean free path | of the 
molecules. 


It has already been mentioned that the integral 


Nian= {fe r,l) dT (5.1) 


is . Pere eee : 
the spatial distribution density of gas molecules; the product p=mN is cor- 


re : : 
Spondingly the mass density of the gas. The macroscopic velocity of the gas is 


*The Proof of the law of in 
Was the fi 


Bo] tZm 


: v crease of entropy by means of the transport equation is due to Boltzmann, and 
St microscopic proof of that law. As applied to gases, the law is often called the H theorem, since 
ann used the symbol H for the entropy. 
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denoted by V (in contrast to the microscopic velocities v of the molecules); it is 
defined as the mean 


Vav=5, | wal. (5.2) 


Collisions do not alter either the number of colliding particles or their total 
energy and momentum. It is therefore clear that the collisional part of the change in 
the distribution function also cannot affect the macroscopic quantities in each 
volume element of the gas—its density, internal energy, and macroscopic velocity 
V: the collisional parts of the change in the total number, energy and momentum of 
the molecules in unit volume of the gas are given by the Zero integrals 


[ cwar=o, [ ec~ar=o, | pcp ar =o. (5.3) 


These equations are easily derived by applying to the integrals the transformation 

(4.4) with g = 1, € and p respectively; the first integral is zero identically, the other 

two are zero by virtue of the conservation of energy and momentum in collisions. 
Let us now take the transport equation 


LF (wf)= CN) (5.4) 


and integrate over dT after first multiplying by m, pg or e. In every case, the right-hand 
side is zero, and we have the equations 


dp/dt + div pV =0, (5.5) 
a(pV,.)/dt + AMog/dxg = 0, (5.6) 
a(Neé)/at + div q=0. (5.7) 


The first of these is the usual continuity equation of fluid mechanics, expressing the 
conservation of mass of the gas. The second equation expresses the conservation 
of momentum; the tensor I], is defined as 


ioe | moznef aT (5.8) 


and is the momentum flux tensor; its component I],, is the a-component of the 
momentum transferred in unit time by molecules across unit area perpendicular to 


the x,-axis. Lastly, (5.7) is the equation of conservation of energy; the vector q is 
defined as 


a= | evfar, (5.9) 


and is the energy flux in the gas. 
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To reduce (5.6) and (5.7) to the usual equations of fluid mechanics, however, we 
have still to express Il,g and q in terms of macroscopic quantities. It has already 
peen mentioned that the macroscopic description of the gas presupposes 
sufficiently small gradients of its macroscopic properties. We can then suppose, as 
g first approximation, that in each separate region of the gas thermal equilibrium is 
reached, whereas the gas as a whole is not in equilibrium. Thus the distribution 
function f in each volume element is assumed to be a local equilibrium function, 
equal to the equilibrium function fo for the density, temperature and macroscopic 
velocity that prevail in that volume element. This approximation implies the neglect 
of all dissipative processes (viscosity and thermal conduction) in the gas. Equations 
(5.6) and (5.7) then naturally reduce to those for an ideal fluid; this may be proved 
as follows. 

The equilibrium distribution in a region of the gas moving as a whole with 
velocity V differs from that in a gas at rest only by a Galilean transformation; on 
changing to a frame of reference K’ that moves with the gas, we obtain the 
ordinary Boltzmann distribution. The velocities v' of the molecules in this frame 
are related to those in the original frame K by v= v’'+V. We write 


Tl.g = MN (v.0g) 
=mN(V,, + vaV_ + v6) 
= mN(V,Vz, + (v.v~)); 
the terms V,vg and Vgv, give zero on averaging over the directions of v’, since all 


directions of the velocity of a molecule in the frame K' are equally probable. For 
the same reason, 


(vavp) = (08.93 (5.10) 


the mean square of the thermal velocity is (v”) = 3T/m, where T is the temperature 
of the gas. Finally, since NT is equal to the gas pressure P, we find 


Vlog = pVaVp + SapP, (5.11) 


the ili : : : . . ‘ 
; familiar expression for the momentum flux tensor in an ideal fluid; with this 


e . ; : : : : 
rae quation (5.6) is equivalent to Euler’s equation in fluid mechanics (FM, 87). 
i seas to transform the integral (5.9), we note that the energy € of a molecule in 
ame K is related to its energy e’ in the frame K’ by 


e=e'+mV.v'timv’. 
Substituting this and v = 


v'+ V in q = Nev, we have 


q= NVEmV?+3mv" + €'] 


= V(ipV"+ P + Ne’), 
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using (5.10) in averaging the product v(V.v’). But Ne’ is the thermodynamic 
internal energy of the gas per unit volume; the sum Ne’ + P is the heat function W of 
the gas per unit volume. Thus 


q= VGpV’+ W), (5.12) 


in agreement with the known expression for the energy flux in the dynamics of an 
ideal fluid (FM, § 6). 

Lastly, let us consider the law of conservation of angular momentum in the 
transport equation. This law should apply exactly only to the total angular momen- 
tum of the gas, made up of the orbital angular momentum of the molecules in their 
translational motion and their intrinsic rotational angular momenta M; the total 
angular momentum density is given by the sum 


[expsar+ | mfar. (5.13) 


These two terms, however, have different orders of magnitude. The orbital angular 
momentum of the relative motion of two molecules at a mean distance F apart is of 
the order of mir, but the intrinsic angular momentum M ~ mid, which 1s small in 
comparison, since we always have d <7. 

Naturally, therefore, the Boltzmann transport equation, which corresponds to the 
first non-vanishing approximation with respect to the small quantity d/7, cannot 
take account of the small changes in the orbital angular momentum due to the 
exchange between the two parts of the total angular momentum (5.13). This has the 
result that the Boltzmann equation conserves the total orbital angular momentum 
of the gas: the equation fp C(f)dI'=0 which expresses the conservation of 
momentum necessarily implies that 


[ xpcwar=rx | pcypar=o. (5.14) 


The reason for this property is evident: since, in the Boltzmann equation, collisions 
are regarded as taking place at a point, the sum of the orbital angular momenta of 
the colliding molecules is conserved, as well as the sum of their momenta. In order 
to derive an equation for the change in the orbital angular momentum, it would be 
necessary to take account of terms of the next higher order in d/?, arising from the 
fact that the molecules are at a finite distance apart at the time of collision. 

However, the actual process of angular momentum exchange between the 
translational and rotational degrees of freedom can be described in terms of the 
Boltzmann equation by a relation of the form 


daM/dt = | M C(f) dT, (5.15) 


where M is the intrinsic angular momentum density of the Molecules. Since the 
sum of the intrinsic angular momenta of two molecules need not be conserved in 4 
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collision, the integral on the right of (5.15) is in general not zero, and gives the rate 
of change of IN. If a non-zero angular momentum density is created in the gas by 
some means, its subsequent relaxation is described by (5.15). 


§6. The transport equation for a slightly inhomogeneous gas 


In order to take account of dissipative processes (thermal conduction and 
viscosity) in a slightly inhomogeneous gas, we must go to the next approximation 
beyond that treated in §5. Instead of regarding the distribution function in each 
region of the gas as just the local-equilibrium function fp, we shall now allow for a 
slight deviation of f from fo, putting 


f=fot of, df = —(ofolde)x(K) = fox/T, (6.1) 


where 6f is a small correction (<f ). The latter is conveniently represented in the 
above form, with the factor —dfo/d€ separated; for the Boltzmann distribution, this 
derivative differs from fo itself only by a factor I/T. The correction 6f must in 
principle be determined by solving the transport equation linearized with respect to 
the correction. 

The function y must satisfy not only the transport equation itself but also certain 
additional conditions. The reason is that fy is the equilibrium distribution function 
corresponding to given values (in the volume element concerned) of the gas particle 
number, energy and momentum densities, i.e. to given values of the integrals 


| toar, | efy dT, | pfo aT. (6.2) 


The non-equilibrium distribution function (6.1) must yield the same values of these 
quantities, i.e. the integrals with f and fy must be the same. The function x must 
therefore satisfy the contitions 


| fox ar =o, | foxe ar =o, | foxp ar =o. (6.3) 


It must be em 
equilibrium gas 
integrals (6.2), 


phasized that even the concept of the temperature in a non- 
becomes determinate only when specific values are assigned to the 
isin cance, The concept becomes entirely rigorous only when the gas asa whole 
renee ore equilibrium, to define the temperature in a non-equilibrium gas, a 

bene ae 1S necessary, which may be the specification of these values. 
Been e oO all transform the collision integral in the transport equation (3.8). 
unctions (6.1) are substituted, the terms not containing the small 


COrrecti , Bas Deas aie 
inte €ction x cancel, since the equilibrium distribution function makes the collision 
Bral zero. The first-order terms give 


C(f) = fol(X)/T, (6.4) 


*Thi 
his method of solving the transport equation is due to D. Enskog (1917), 
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where I(x) denotes the linear integral operator 
10x) = | ful’ + x) —x— x0 dT a dT, (6.5) 


Here we have used the equation fofo. = fofin; the factor fy can be taken outside the 
integral, since there is no integration over dT. 
The integral (6.5) is identically zero for the functions 


x =constant, x =constantXe, x=p. dV, (6.6) 


where 5V is a constant vector; this result for the second and third functions 
follows from the conservation of energy and momentum in each collision. The 
functions (6.6), which are independent of time and coordinates, therefore satisfy 
the transport equation itself. 

The origin of these solutions is simple. The transport equation is identically 
satisfied by the equilibrium distribution function with any (constant) particle 
density and temperature. It is therefore necessarily satisfied also by the small 
correction 


df = (afolAN)EN = fodNIN, 


which arises when the density changes by 6N;; this gives the first solution (6.6). 
Similarly, the equation is satisfied by the increment 


df = (ofo/aT)ST, 


which arises when T changes by a small constant amount 5T. The derivative dfo/dT 
is made up of a term constant X fo (arising from differentiation of the normalization 
factor in fo) and a term proportional to efo; this gives the second solution (6.6). The 
third solution expresses Galileo’s relativity principle: the equilibrium distribution 
function must satisfy the transport equation in any other inertial frame. When we 
change to a frame moving relative to the original one with a small constant velocity 
5V, the velocities v of the molecules become v+ 8V, and the distribution function 
therefore receives the increment 


dF = (dfo/dv). 5V = — (fol T)p. 6V, 


corresponding to the third solution (6.6). The “extra” solutions (6.6) are excluded 
by applying the three conditions (6.3). 

We shall transform the left-hand side of the transport equation in a general 
manner, which covers both thermal conduction and viscosity. That is, we allow the 
presence of gradients of all macroscopic properties of the gas, including the 
macroscopic velocity V. 

The equilibrium distribution function in a gas at rest (V= 0) is the Boltzmann 
distribution, which we write as 


fo= exp(H=E). (6.7 
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where # is the chemical potential of the gas. The distribution in a moving gas 
differs from (6.7) only by a Galilean transformation of the velocity, as already 
noted in §5. In order to write this function explicitly, we separate from the total 
energy €(I) of the molecule the kinetic energy of its translational motion: 


e(T)=4mv?+ €mn; (6.8) 
the internal energy €i, includes the energy of rotation of the molecule and the 


vibrational energy. Replacing v by v— V, we find the Boltzmann distribution in a 
moving gas: 


fo = exp (# =) exp (“ — Y). (6.9) 


In a slightly inhomogeneous gas, fo depends on the coordinates and the time, as a 
result of the variation through the gas (and in the course of time) of its macroscopic 
properties: the velocity V, the temperature T and the pressure P (and therefore 2). 
Since the gradients of these quantities are assumed small, it is sufficient (in this 
approximation) to replace f by fo on the left of the transport equation. 

The calculations can be somewhat simplified by noting the obvious fact that the 
kinetic coefficients, our real subject of interest, do not depend on the velocity V. It 
is therefore sufficient to consider any one point in the gas, and to choose the point 
where V (but not, of course, its derivatives) is zero. 


Differentiating the expression (6.9) with respect to time and then putting V = 0, 
we obtain 


zote— | (2) -BoO|S (24 oP nov. 
fo at \L\aT)> T at ape a ee 


By the familiar formulae of thermodynamics, 


(ou/dT)p =—s, (dp/dP)r =1/N, w= w—Ts, 


ld Ww, s and 1/N are the heat function, entropy and volume per gas particle. 
Similarly, 
FV Vom Oy wrt hy TP + mostpVap (6.11) 
Where for brevity 
v= ; (52+ 52), Vo = div V: (6.12) 
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in the last term in (6.11), we have made the identical substitution 
Vag OVp/OXq = VadpVog. 


The left-hand side of the transport equation is found by adding the expressions 
(6.10) and (6.11). All derivatives of macroscopic quantities with respect to time can 
be expressed in terms of their spatial gradients by means of the equations of an 
ideal (non-viscous and thermally non-conducting) medium; the inclusion of dis- 
sipative terms here would lead to quantities of a higher order of smallness. At the 
point where V = 0, Euler’s equation gives 


dVi/at = —(1/p)VP =—(1/Nm)VP. (6.13) 
At this same point, the equation of continuity gives aN/at =— N div V, or 


1aN_1aP_10T 
No Poa Trae  “"¥ (6.14) 


with the equation of state for an ideal gas, N = P/T. Lastly, the equation of 
conservation of entropy, ds/dt + V. Vs =0, gives ds/at = 0, or 


Cp OT 1 dP 
Ta Pee (6.15) 


with the use of the thermodynamic formulae 
(ds/0T)p =c,/T, (ds/dP)7 = ~—1/P, 


cp being the specific heat, again per molecule; the second of these formulae relates 
to an ideal gas. Equations (6.14) and (6.15) give 


web ee lay, Stee oe 


i 16 
i ae Pag ee (6.16) 


since for an ideal gas c, —c, = 1. 
A straightforward calculation leads to the result 


“fe v.Vfo _ fo fale oe Ww v.UT+ mogupVap + — 2 iy vt. (6.17) 


v 


It must be emphasized that no specific assumption has so far been made about the 
temperature dependence of the thermodynamic quantities; only the general equa 
tion of state of an ideal gas has been used. For a gas with a classical rotation of 
molecules, and vibrations not excited, the specific heat is independent of tem 
perature, and the heat function ist 


w=copf. (6.18) 


+The energy «() of the molecule is assumed to be measured from its lowest value; accordingly the 
temperature-independent additive constant in w is omitted. 
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The last term in (6.17) can then be simplified; equating (6.17) and (6.4), we write 
the transport equation in the final form 


ere v.Vt+ | mvavg =a Sap Ves _ I(x). (6.19) 


In §87 and 8, this equation will be further studied with reference to thermal 
conduction and viscosity. 

From the law of increase of entropy, it follows that a pressure gradient (in 
the absence of temperature and velocity gradients) does not bring about dissipative 
processes; cf. FM, 849. In the transport equation, this condition is necessarily 
satisfied, as is shown by the absence of the pressure gradient on the left of (6.19). 


§7. Thermal conduction in the gas 


To calculate the thermal conductivity of the gas, we have to solve the transport 
equation with a temperature gradient. Retaining only the first term on the left of 
(6.19), we have 


LO o2y wT = 10). (7.1) 


The solution is to be sought in the form 


) ae (7.2) 


Where the vector g depends only on the quantities I’, since a factor VT results on 
both sides of (7.1) when this substitution is made. Since the equation must be valid 
for any vector VT, the coefficients of this on the two sides must be equal, and so 
Wwe obtain for g the equation 


yal _ 1), (7.3) 


whi : 

yet oa not involve VT (nor therefore any explicit dependence on the coor- 
es), 

T ; ; as ‘ 

ae function X must also satisfy the conditions (6.3). With x in the form (7.2), the 

goes of these are necessarily satisfied, as is evident from the fact that (7.3) 
Ms no vector parameters which might give the direction of the constant 


ctor j 
of (73 Integrals f fog dT and f foeg dl. The third condition imposes on the solution 
-°) the further condition 


| fov gar 0. (7.4) 


If 


ther the transport equation has been solved and the function X is known, the 


Mal conductivity can be determined by calculating the energy flux, or rather its 
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dissipative part that is not due simply to convective energy transfer, which we shall 
denote by q’. In the absence of macroscopic motion im the gas, q’ is equal to the 
total energy flux q given by the integral (5.9). When f =fo, this integral is zero 
identically, because of the integration over the directions of v On substitution of f 
from (6.1), there thus remains 


= | foevle VT) dF, 


or in components 


Ga = — Kap aT] Axp, Kog — — + | fo€va8p dT. (7.5) 


Since a gas in equilibrium is isotropic, there are no preferred directions in it, and 
the tensor kag can only be expressible in terms of the unit tensor Sg, i-e. it reduces 
to a scalar: 


= kd esull 
Kop — KOgp, K = 3Koga. 


Thus the energy flux is 


q=-— «VT, (7.6) 


where the scalar thermal conductivity is 


x =~ 35 | foev-ga°- (7.7) 


The transport equation necessarily makes this quantity positive (see §9): the flux q 
must be in the opposite direction to the temperature gradient. 

In monatomic gases, the velocity v is the only vector on which the function g 
depends; it is therefore clear that this function must have the form 


g = (v/v)g(v). (7.8) 


In polyatomic gases, g depends on two vectors: the velocity v and the angular 
momentum M. If the symmetry of the molecules does not allow stereoisomerism, 
the collision integral, and therefore equation (7.3), are invariant under inversion; 
the solution y must be similarly invariant. In other words, y =g.VT must be a true 
scalar, and, since the gradient VT is a true vector, so must be the function g. For 
instance, in a diatomic gas, where the quantities [ are just the vectors v and M, the 
function p(T) has the form 


g =vg,+ M(v.M)g2.+(v x M)g;3, (7.9) 
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where £1, 82, 83 are scalar functions of the scalar arguments v’, M’, (v. M)’; this is 
the most general form of a true vector that can be constructed from the true vector 
y and the pseudovector M.t 

If, however, the substance is stereoisomeric, there is no mvariance under 
inversion: as already mentioned in §2, inversion then “transforms” the gas into 
what is essentially a different substance. Accordingly, the function x may also 
contain pseudoscalar terms, and the function g may contain pseudovector terms, 
e.g. one of the form gsM. 

The condition for the above method of solving the transport equation (based on 
the assumption that f is close to fo) to be valid can be ascertained by estimating the 
collision integral from (3.12). The mean energy of a molecule is € ~ T, and so an 
estimate of the two sides of (7.3) gives & ~ g/z ~ gi/l, whence g ~ Il. The condition 
xT ~g|VT|/T <1 (equivalent to 5f <fo) therefore signifies that the distances L 
over which the temperature undergoes a considerable change (|VT|~ T/L) must be 
large in Comparison with I. That is, a function having the form (6.1) constitutes the 
leading terms in an expansion of the solution of the transport equation in powers of 
the small ratio [/L. 

An estimate of (7.7) with g ~1 gives 


k ~ CNIi, (7.10) 


where c is the specific heat per molecule of the gas. This is a well-known 
elementary formula in the kinetic theory of gases (cf. the last footnote to §11). 
Putting |~ 1/No, c ~ | and 6 ~ V(T/m), we have 


K ~ (1/o)V(T/m). (7.11) 


In this estimate, the cross-section o relates to the mean thermal speed of the 
molecules, and in that sense is to be regarded as a function of temperature. As the 
speed increases, the cross-section in general decreases: accordingly, o is a 
decreasing function of the temperature. When the temperature is not too low, the 
gas molecules behave qualitatively as hard elastic particles which interact only 
when they actually collide. This type of interaction corresponds to a collision 
cross-section varying only slightly with the speed (and therefore with the tem- 
perature). Under such conditions, «x is approximately proportional to V T. 

At a given temperature, the thermal conductivity is seen from (7.11) to be 
independent of the gas density, i.e. of the gas pressure. It must be emphasized that 
this important property is not related to the assumptions used in making the 
estimate, but is an exact consequence of the Boltzmann transport equation. It 
arises because this equation takes account only of collisions between pairs of 


molecules (for which reason the mean free path is inversely proportional to the gas 
density). 


tThe solution of the Boltzmann equation for a gas of rotating molecules was first discussed by Yu. M. 
Kagan and A. M. Afanas‘ev (1961). 
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§8. Viscosity in the gas 


The viscosity of a gas is calculated by means of the transport equation in the 
same way as the thermal conductivity. The only difference is that the deviation 
from equilibrium is due not to the temperature gradient but to the non-uniformity 
of the gas flow as regards the macroscopic velocity V. It is again assumed that the 
characteristic dimensions of the problem L >I. 

There are, as we know, two kinds of viscosity, the corresponding coefficients 
being usually denoted by y and ¢ They are defined as the coefficients in the 
viscous stress tensor ogg Which forms part of the momentum flux tensor: 


Thap = Pup + pV.Vp < Caps (8.1) 
o1p = 2n(Vop — 8up div V) + Sap div V, (8.2) 


where V. , is defined by (6.12); see FM, §15. In an incompressible fluid, only the 
viscosity n occurs. The ‘‘second viscosity” ¢ appears in motion such that div V ¥ 0. 
It is convenient to calculate the two coefficients separately. 

Omitting the temperature-gradient term from the general transport equation 
(6.19), we can write 


Mvate( Vag — 35g div V) + [$mv? — e(T)/c.] div V = I(x), (8.3) 
where the terms containing the first and second viscosities have been separated on 
the left-hand side. In calculating the first viscosity, we have to assume that 
div V = 0. The resulting equation can be identically rewritten as 


mi (va0g — 35ap0") Vop = T(x), (8.4) 


where the two tensor factors on the left have zero trace. 
The solution of this equation is sought in the form 


xX = Lop V ops (8.5) 


where gag(I) is a symmetric tensor; since the trace V.. =0, by adding a term in 8, 
tO gag We Can always ensure that g,. = 0, without altermg x. The equation for gag iS 


m (vat, = ; apt’) = I (gag). (8.6) 


The extra conditions (6.3) are necessarily satisfied. 
The momentum flux is calculated from the distribution function as the integral 
(5.8). The required part of this, namely the viscous stress tensor, is 


oie = —(m/T) | Ve pfox AT = NopysV ys, (8.7) 


Na OIT) | fovstpeys a7. (8.8) 
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The quantities yog)3 form a tensor of rank four, symmetric in the suffixes a, B 
and y, 6 and giving zero on contraction with respect to the pair y, 5. Because the 
gas is isotropic, this tensor can only be expressed in terms of the unit tensor d,,. An 
expression satisfying these conditions is 


Napys = 7[8.5ps + b.55py Na 35 apOys]- 


Then O.g =2nVapg, so that 7 is the required scalar viscosity coefficient. It is 
determined by contracting the tensor with respect to the pairs of suffixes a, y and 


B, 5: 
7 = —(mi/ 107) | U.UpSapfo dl. (8.9) 


In a monatomic gas, gag 1S a function only of the vector v. The general form of 
such a Symmetric tensor with Zero trace is 


Sup = (Vag — fSapv")a(v), (8.10) 
with a single scalar function g(v). In polyatomic gases, the tensor g,, is composed 
of a large number of variables, including the two vectors v and M. In the absence 
of stereoisomerism, g.g Can include only true tensor terms; in a stereoisomeric gas, 
pseudotensor terms also are possible. 

An estimate of the viscosity coefficient, similar to (7.10) for the thermal conduc- 
tivity, gives a well-known elementary formula m the kinetic theory of gases, 


n~moNl; (8.11) 


see the last footnote to 811. The thermometric conductivity and the kinematic 
viscosity are found to be of the same order: 


k/Nc, ~ 9/ Nm ~ ol. (8.12) 
Putting in (8.11) |~ 1/No and 0 ~(T/m)"?, we obtain 
7 ~ VimTYo. (8.13) 
The description of the pressure and temperature dependence of « in §7 is entirely 
valid for the viscosity 7 also. 
In order to calculate the second viscosity coefficient, we must take the second 
term on the left of the transport equation (8.3) to be non-zero: 
[3mv?— e(T)/c,] div V = I(y). (8.14) 


We shall seek the solution in the form 


x=edivV (8.15) 
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and obtain for g the equation 
jmv? — e(T)/c, = I(g). (8.16) 


Calculation of the stress tensor and comparison with the expression 5a, div V 
gives the viscosity coefficient as 


f =—(m/3T) | v*gfy aT (8.17) 


In monatomic gases e(I) = dmv’, c, = 3/2, and the left-hand side of (8.16) is zero. 
The equation I(g)=0 then shows that g=0, and therefore £=0. We reach, 
therefore, the interesting conclusion that the second viscosity of monatomic gases 
is Zero. 


PROBLEM 


Show that a gas of ultra-relativistic particles has zero second viscosity (I. M. Khalatnikov, 1955). 
SOLUTION. The energy € of a relativistic particle in a frame of reference K in which the gas moves 
with a (non-relativistic) velocity V is related to its energy €’ in the frame K’ in which the gas is at rest by 
’=¢€—p.V, where p is the momentum of the particle in the frame K, this is the Lorentz trans- 
formation formula with the terms above the first order in V omitted. The distribution function in the 
frame K is folé —p. V), where fo(e’) is the Boltzmann distribution. 
Considering only the viscosity, we can immediately assume that the gradients of all macroscopic 
quantities are zero except that of the velocity V; then @V/at = 0, and the last term in (6.10) vanishes.¢ In 
(6.11), the first two terms are also absent, and the third becomes 


v.V(p. V) = vepp OVpldxe = VaPpVag; 


the directions of v and p are the same, and so pug = peta. The equations of continuity and entropy 
conservation in the form used in §6 remain valid in the motion of a relativistic gas (with small velocities 
V). The formulae (6.16) therefore remain valid also. The transport equation thus becomes 


(vapp ~ SapelC.)Vap = I(x). 
In the second-viscosity problem, we must put Vas = \Sap div V, and then 
(up — efce) div V = I(x). 


In an ultra-rclativistic gas, v =c, € =cp, and the specific heat c.=3 (see SP 1, 844, Problem), the 
left-hand side of the equation, and therefore x, are then zero. 


§9. Symmetry of the kinetic coefficients 


The thermal conductivity and the viscosity are among the quantities which 
govern relaxation processes in systems slightly departing from equilibrium. These 
kinetic coefficients satisfy Onsager’s symmetry principle, which may be established 


TIt must be emphasized that these gases are being treated in the approximation with respect to the 
gaseousness parameter Nd?’ which corresponds to the Boltzmann equation (and in which 7 is in- 
dependent of the density). In higher approximations (the subsequent terms in the “virial expansion”: see 
§ 18), a non-zero viscosity { does appear. Another important point is the quadratic dependence of the 
particle energy on the momentum; in a relativistic “monatomic” gas, the second viscosily is not zero 
(although it vanishes in another limiting case, the ullra-relativistic case: see the Problem). 

To avoid misunderstandings, it may be mentioned that in a relativistic gas the pressure gradient 
makes a contribution to the thermal-conduction energy flux: see FM, § 126. 
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in a general form without discussing specific mechanisms of relaxation. However, 
in a specific calculation of kinetic coefficients from the transport equations, the 
symmetry principle does not yield any extra conditions to be imposed on the 
solution of the equations. In such a calculation the requirements of the principle 
are necessarily satisfied. It is useful to see how this occurs. 

In the general formulation of Onsager’s principle (see SP 1, § 120), there appears 
a set of quantities x, which describe the deviation of the system from equilibrium, 
and a set of quantities “thermodynamically conjugate” to these, X, = — aS/dx, 
(where S is the entropy of the system). The relaxation process of a system slightly 
departing from equilibrium is described by equations which determine the rates of 
change of the x, as linear functions of the X,: 


Xa = 2 YorXey (9.1) 


where the y,, are the kinetic coefficients. According to Onsager’s principle, if x, 
and x, behave in the same way under time reversal, then 


Yab = Yba- (9.2) 


The rate of change of the entropy is given by the quadratic form 
$ =~ D> Xoke =D, veXoXv. (9.3) 
a a.b 


The first of these expressions is often convenient for establishing the cor- 
respondence between the X, and the X,. 

For thermal conductivity, we take as the rates x, the components qj; of the 
dissipative heat flux vector (at any given point in the medium); the suffix a is then 
the same as the vector suffix a. The corresponding quantities X, are the derivatives 
T ?aT/axq; cf. SP 2, §88. Equations (9.1) correspond to qi=— KagdT/dxg, so that 
the kinetic coefficients y,, are the quantities T*k,,. According to Onsager’s prin- 
ciple, we should have kag = Kgo- 

Similarly, for the viscosity, we take as the x, the components ocg of the viscous 
momentum flux tensor; the corresponding X, are — Vag/T (the suffix a here 
answering to the pair of tensor suffixes aB). Equations (9.1) correspond to oig = 
Nopys Vys, and the kinetic coefficients are Tyap,s- According to Onsager’s principle, 
we must have Tapys = Nysap- 

In the problems of thermal conduction and viscosity of gases, considered in 887 
and 8, the symmetry of the tensors Kag and 7opys WaS a necessary consequence of 
the isotropy of the medium, mdependent of the solution of the transport equation. 
We shall show, however, that it would also follow from this solution, independently 
of the isotropy of the gas. 

The procedure for problems of thermal conduction and viscosity in a slightly 
inhomogeneous gas was to seek the correction to the equilibrium distribution 
function in the form 


X= 2 BaD )Xe, (9.4) 
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obtaining for the functions g, equations of the form 
L, = I(8,). (9.5) 
The quantities L, are Components of the vector 
Tle(T)~— c, Tv, 


for thermal conduction, or the tensor 


for viscosity; cf. (6.19). The solutions of equations (9.5) must satisfy the further 
conditions 


| fog. aT =0, | fog.e aT = 0, | fiepun so: 


With these conditions, the kinetic coefficients ya, can be written as the integrals 


Tap, =~ fol-eky AY (9.6) 


The proof of the symmetry yp = yp, thus reduces to that of the equation 


| fotug ar = | (lear: (9.7) 


It is based on the property that the linearized operator I is ‘“‘self-conjugate”, which 
may be arrived at as follows. 
Let us consider the integral 


[ foot ar = [ fofow'oy' + ¥i- ¥- gat, 


where W(I) and g{T) are any two functions of the variables T’. Since the integration 
is over all the variables TI), I’, T'\}, we can rename these in any way (as was done 
in §4) without affecting the value of the integral. We make the change 
l,l’ oT), 0), and then in each of the two resulting forms the further change 
r,l,<TI', Tj. The sum of all four expressions gives 


1 
| fooryy ar = 5 | fofolwle +e)— wie! + ed’ +H)-W tw dT; 8) 


the notation w and w’ is as in (3.5). Let us now consider a similar integral in which 
WT) and g(P) are replaced by p(T”) and w(I') respectively (without changing w 
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and w’). With the change ['7,IT\’,...2I,I),... in this integral, and the principle of 
detailed balancing (2.3), we have 


[ fo 1(@") ar 
= 4 | fof +oy— w+ HIE + e)-+onldT, (3.9) 


where the equation f,(I'')=f (I) has also been used. Expanding the square 
brackets in (9.8) and (9.9), and comparing corresponding terms, we see that the two 
integrals are equal. In making the comparison, it is necessary to take account of the 
unitarity relation (2.9), which gives, for example, 


| fof +wml(o +o.) dT = | fofuw'y + Wl(o +g) aT; 


the relation (2.9) is applied here to the integration over the variables I” and Ij, on 
which only w and w’ depend in the integrand. 
Thus we reach the equation 


[ footy ar =f fo ™1(97) ar. (9.10) 


If the principle of detailed balancing is valid in its simple form (2.8), w = w’, then 
(9.10) reduces to a literal self-conjugacy of the operator I: 


| fool () dT = | fowl (@) al, (9.11) 


where both integrals contain functions g and wW of the same variables T; this ts 
immediately evident when w = w’, from the expression (9.8). 

Returning to the kinetic coefficients, we make in the first integral (9.7) the change 
I-T", and note that 


L.0')=+£L,(1), (9.12) 


the upper and lower signs relating to viscosity and thermal conduction respectively. 
We now use the relations (9.5) and (9.10). In the latter, we can integrate over I’? in 
Place of I’; this clearly does not affect the value of the integral. We have 


fo8ol. dV = + | fogn'I(ga) aT? 
= { fose'T(gs) a0" 


ar | fobe"Ly(P) aI. 
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Now, changing [7-1 on the right-hand side, and using (9.12), we have the 
required result (9.7). 

The kinetic coefficients must also satisfy conditions which follow from the law of 
increase of entropy; in particular, the “diagonal” coefficients yaq must be positive. 
Since the transport equation guarantees the increase of entropy, these conditions 
are of course necessarily satisfied when the kinetic coefficients are calculated from 
that equation. 

The increase of entropy is expressed by the inequality 


— { toe FCW) ar > 0; 
see §4. Substituting 


f=fl+x/T), C= CGdT IG), 


we have 


~ f tog fo Cf) ar { folog( + xITO0 dT >0. 


The first integral is identically zero; in the second integral, since x is small, 
log(1+ x/T) = x/T, and so we find 


~ | foxtqy ar >0. (9.13) 


This inequality ensures the necessary properties of the kinetic coefficients. In 
particular, when x = g, it expresses the fact that ya, is positive. 


$10. Approximate solution of the transport equation 


Bccause of the complexity of the law of interaction of molecules (especially 
polyatomic ones), which determines the function w in the collision integral, the 
Boltzmann equation cannot really be even written down in an exact form for 
specific gases. However, even with linearization and some simple assumptions 
about the nature of the molecular interaction, the complexity of the mathematical 
structure of the transport equation makes it generally impossible to solve in an 
exact analytical form. Fairly efficient methods for the approximate solution of the 
Boltzmann equation are therefore of particular significance in the kinetic theory of 
gases. The principle as applied to a monatomic gas is as follows (S. Chapman 1916). 

Let us first take the problem of thermal conduction. For a monatomic gas, the 
specific heat c, = 5/2, and the linearized equation (7.3) becomes 


~v(3- pe’) = I(g), (10.1) 
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where B = m/2T; the lmear integral operator I(g) is defined by 


1ig)= | [ vafoe’ +8i-2~ 0) d’p, do, (10.2) 


corresponding to the collision integral (3.9), and the equilibrium distribution func- 
tion ist 


fo(v) a (NB?) mPa *)e" 8, (10.3) 


An efficient method of approximately solving equation (10.1) is based on 
expanding the required functions in terms of a complete set of mutually orthogonal 
functions, which may with especial advantage be taken as the Sonine polynomials 
(D. Burnett 1935). These are defined byt 


d” (e-*x"**), (10.4) 


s 1 xX vw-r 
Si(x) = e'x dx 


s 
where r is any number and s is a positive integer or zero. In particular, 
SP=1, Siaj=rti-~x. (10.5) 


The orthogonality property of these polynomials for a given r and different s is 
[ e*X'S(x)S,(x) dx = T(r + 5 + Wge/s (10.6) 
0 


We shall seek the solution of (10.1) as the expansion 


e(v) = (B/N)v > A,S4p(Be?). (10.7) 


By omitting the term with s =0, we automatically satisfy the condition (7.4), the 
integral being zero because the polynomials with s =0 and s¥0 are orthogonal. 
The expression in parentheses on the left of (10.1) is the polynomial S4,(Bv’), and 
this equation therefore becomes 


— vS}x(Bv?) = (BIN) > AL (vSip). (10.8) 


Multiplying both sides scalarly by vfo(v)S4.(Bc°) and integrating over d’p, we 


*The distribution function is every where taken to be defined in momentum space. This, however, does 
not prevent it from being expressed for convenience in terms of the velocity v= pim. 
{They differ only in normalization and affix numbering from the generalized Laguerre polynomials: 
(-1y¥ 


SF(x) = (r+s)! Liss€x). 
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obtain a set of algebraic equations 


> aA, = "2 bn, l= [Zi ciy (10.9) 


71 
with 
ay =~ (BIN) | fov - Shal(vS32)d°p 
= (B°/4N*){vSiy2, VSip}, (10.10) 
the notation being 


(F, G}= | folv)fo(es)|v — viJA(F)A(G) d’p dp, do, 


A(F) = F(v’) + F(vi) — F(v) - F(v). Se 


There is no equation with | = 0 in (10.9), since ao, = 0 because of the conservation 
of momentum: A(vS$,) = A(v) = 0. The thermal conductivity is calculated by sub- 
stituting (10.7) in the imtegral (7.7). The condition (7.4) shows that this integral (with 
€ = jmv’) can be put in the form 


K=-5 | foSio(Bvw gdp 
and the result is 
k = 5A,/4. (10.12) 
The advantage of expanding m Sonine polynomials is shown by the simplicity of 
the right-hand side of equations (10.9) and the expression (10.12). 


The calculations are entirely similar for the viscosity. The solution of (8.6) is 
sought in the form 


Sop = — (B7/N*)(v.up — 4078p) > B.S3p(Bv’). (10.13) 


Substitution m (8.6), multiplication by 
fol v) S5p( Bo") vatg ~307Sag), 
and integration over d?p leads to the set of equations 
> b.B; =550, 1=0,1,2,..., (10.14) 
5-0 


where 


bis = (B°IN’){(vavg —$07Sap)S5p. (Vag — 1075ap)S5ph- (10.15) 
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The viscosity ts found from (8.9) as 


n =4mBo. (10. 16) 


The infinite set of equations (10.9) or (10.14) is approximately solved by retaining 
only the first few terms in the expansion (10.7) or (10.13), ie. by artificially 
terminating the set. The approximation converges extremely rapidly as the number 
of terms increases: in general, retaining just one term gives the value of x or n with 
an accuracy of 1-2%.tT 

We shall show that the approximate solution of the linearized transport equation 
for monatomic gases by the above method gives values of the kinetic coefficients 
that are certainly less than would follow from the exact solution of the equation. 

The transport equation may be written in the symbolic form 


I(g)=L, (10.17) 


where the functions g and L are vectors in the thermal conduction problem, and 
tensors of rank two in the viscosity problem. The corresponding kinetic coefficient 
is determined from the function g as a quantity proportional to the integral 


= | fost (ey ep: (10.18) 


see §9, The approximate function g, however, satisfies not equation (10.17) itself 
but only the integral relation 


[ fost e) ap = | fol.e a’, (10.19) 


as is evident from the way in which the Coefficients in the expansions of g are 
determined. 

The statement made above follows immediately from the ‘variational principle” 
whereby the solution of (10.17) gives a maximum of the functional (10.18) within 
the class of functions that satisfy the condition (10.19). The validity of this 
principle is easily shown by considering the integral 


- | folg- ole - 9) ap, 


where g is the solution of (10.17), and ¢ any trial function that satisfies the 
Condition (10.19). This integral is positive, by the general property (9.13) of the 
operator I. Expanding the parentheses, we write 


— | folgt(g)+ of @)- ef (e)- alg} @p. 


tThe convergence is, 


diffus; however, somewhat less good in problems of diffusion. and especially of thermal 
usion, 
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Since for a monatomic gas the principle of detailed balancing is valid in the form 
(2.8), the operator I has the self-conjugacy property (9.11).f Hence the integrals of 


the last two terms in the braces are equal. Then substitution of I(g)= L gives 
1 


| folet(n) + of ()- 201(@)} ap = - | folel(g) + ole) -2L9} dp >0. 
Finally, transforming the mtegral of the last term by means of (10.19), we find 


= | fogI(g) d’p > - | fool (~) d’p, 


as was to be proved. 

There is a case that is of formal interest though having no direct physical 
significance, namely a gas of particles interacting according to U = a/r*.t This has 
the property that the collision cross-section for such particles (determmed by 
classical mechanics) is inversely proportional to the relative speed v,., and so the 
product v,.do which appears in the collision integral depends only on the scattering 
angle 6, not on v,. The property in question is easily proved by dimensional 
arguments: the cross-section depends only on three parameters, namely the con- 
stant a, the particle mass m, and the velocity v,., and from these we can form no 
dimensionless combination, and only one combination v,d(a/m)'? having the 
dimensions of area, which must therefore be proportional to the cross-section. This 
property of the cross-section greatly simplifies the structure of the collision 
integral, and it becomes possible to find exact solutions of the linearized transport 
equations for the thermal conduction and viscosity problems. These solutions are 
found to be just the first terms in the expansions (10.7) and (10.13).8 


PROBLEMS| 


ProprrM 1. Find the thermal conductivity of a monatomic gas, retaining only the first 1erm in the 
expansion (10.7). 


SO1 UTION. With one lerm of the expansion, equations (10.9) reduce 10 Ay = 15/4ay;. To calculare the 
integral (10.10) wih | = s = 1, we express v, vj, ¥’, vi in terms of the velocily of the centre of mass and 
the relative velocities of the lwo atoms: 


, i {oe ’ 
V=Av+t+ vi) = 2(v' + vi), 
Wa =V—Vi, Vrir = ¥— Vi, 

2 Fo2 
vt vr = 2V* + sie, 


d'pd'pr= m°d?V d’ vce. 


tlt musi be emphasized that the variational principle as slated above is dependent on this, and is not 
valid when the principle of detailed balancing has only ils most general form (2.3). 

+The transport properties of this gas model were first discussed by J. C. Maxwell (1866). 

8A detailed account of the theory for this case is given in §838-40 of L. Waldmann’s article in 
Handbuch der Physik 12, 295, 1958. 

{Formulae (1)-(6) are due 10 Chapman and Enskug. 
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A simple calculation gives 
A(vS4 3) = A(Br7v) = BICV. viavier— (V. Vier)Vreil- 
Squaring and averaging over the directions of V, we obtain 
28 "[v4a— (vie. Via) |" = B24" sin? @. 


Integration over 4nV° dV and over the directions of via (the latter reducing to a multiplication by 47) 
gives finally 


ay = z p'(ereny [ { exp(— 5p viet) 2c Sin? @ as: dt 1 dO; (1) 
4 o Jo dé 
the thermal conductivity is 


x = 75/16a11. (2) 


PROBLEM 2. The same as Problem 1, but for the viscosity. 
SOLUTION. We find in a similar manner 


Bo = 5/boo, 7 =5m/4boo. 
In the integral (10.15) with | = s =0, 2 
M(vevg —1v7Sop) = (Cretabret. g — Vic adiet a): 
The square of this is 
deta sin? 6. 
Integration over d*V and over the directions of vie Shows that boo = @y. so that 
y= 4mx/15. (3) 


For a monatomic gas, the specific heat c, = 5/2: hence the ratio of the kinematic viscosity vy = n/Nm to 
the thermometric conductivity y = x/Ncp. called the Prandil number, is, in this approximation 


vly = 2/3 (4) 


whaiever the law of interaction of the atoms.t 

PROBLEM 3. In the saine approximation, find the thermal conductivity and viscosity of a monatomic 
gas when the atoms are regarded as hard elastic spheres with diameter d. 

SOLUTION. The scattering of one sphere by another is equivalent lo that of a point particle by an 


impenetrable spliere of radius d: the cross-section is therefore do = (:d)'do. Calculation of the integral 
(1) gives the resultst 


75 T 0.66 [T 


* 64V nd" ae Vm’ (5) 
T 
n= oumcadil , (6) 


+For a gas with the interaction law U = alr‘, formulae (1)-(4) become exact, and lead to the values 
Kk =3.04T(ma) '*, 7 =0.81T(mla)"”. 
To illustrate the rapidity with which successive approximations converge, it may be mentioned that 


the inclusion of the second and third terms in the expansions (10.7) and (10.13) multiplies the 
expressions (5) and (6) by (1 + 0.015 + 0.001) and (1 + 0.023 + 0.002) respectively. 
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§11. Diffusion of a light gas in a heavy gas 


The phenomenon of diffusion in a mixture of two gases will be studied here for 
some particular cases which allow a fairly extensive theoretical analysis. 

Let N, and N; denote the particle number densities of the two components of the 
mixture, and let the concentration of the mixture be expressed by c = N,/N, where 
N=N,+N,. The total number density of particles is related to the pressure and 
temperature by N = P/T. The gas pressure is constant throughout the volume; Iet 
the concentration and the temperature vary along the x-axis (by allowing a 
temperature variation, we include thermal diffusion in the problem). 

Let us consider diffusion in a mixture of gases of which one (the “heavy” gas) 
consists of molecules whose mass is much larger than that of the particles of the 
other (the “light” gas). The latter will be assumed monatomic. Since the mean 
thermal energy of translational motion is the same for all particles (at a given 
temperature), the mean speed of the heavy molecules is much less than that of the 
light ones, and they can be approximately regarded as being at rest. When a light 
and a heavy particle collide, the latter may be assumed to remain fixed, while the 
velocity of the light particle changes direction but remains unaltered in magnitude. 

In this section we shall take the case where the concentration of the light gas (gas 1) 
in the mixture is small. Then collisions between its atoms are relatively rare and we 
may suppose that the light particles collide only with the heavy ones.7 

In the general case of an arbitrary gas mixture, a separate transport equation has 
to be set up for the distribution function of the particles of each Component, the 
right-hand side containing the sum of the collision integrals between the particles of 
each component and those of that and every other component. In the particular 
case under discussion, however, it is convenient to derive the simplified transport 
equation ab initio. 

The required equation is to determine the distribution function for the particles 
of the light gas, which we denote by f(p, x). With the assumptions made, collisions 
between light and heavy particles do not affect the distribution of the latter, and in 
the diffusion problem this distribution can be taken as given. 

Let @ be the angle between the direction of the momentum p = my of a light 
particle and the x-axis. It is evident from the symmetry of the conditions of the 
problem that the distribution function will depend only on @ (and on the variables p 
and x). Let do = F(p, a) do’ denote the cross-section for collisions in which a light 
particle with momentum p acquires a momentum p’= mv’ directed into the solid- 
angle element do’; a is the angle between the vectors p and p’ (whose magnitudes 
are equal). The probability per unit path length that the particle undergoes such a 
collision is N2do, where N2 is the number density of heavy particles; the prob- 
ability per unit time is found by multiplying by the speed of the particle: N2u do. 

Let us consider particles in a given unit of volume having momenta in a given 
range dp of magnitudes and directed into the solid-angle element do. The 
number of such particles is f d’p = f(p, 0, x)p* dp do. Of these, 


f(p, 8, x)p? dp do. N.vF(p, a) do’ 


{The kinetic theory of this model was first developed by H. A. Lorentz (1905). 
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particles per unit time acquire by collisions a momentum p’ directed into do’. Thus 
the total number of particles whose momentum changes direction is 


d’p | N2vf(p, 6, x) F(p, a) do’. 
Conversely, of the particles in d?p' =p” dp’ do’, 


f(p', 0’, x)p” dp’ dv’. Nov'F(p', a) do 


acquire a velocity directed into do. Since p’= p, the total number of purticles that 
acquire a velocity in d‘p asa result of collisions is 


dp | N2vf(p, 0’, x) F(p, a)do’. 


Thus the change in the number of particles in d?p is the difference 


Ep. Ny | F(p, a)Lf(p, 0°, x) — fp, 8, x)]do’. 
This must equal the total time derivative 


dp(dfidt) = d’pv. Vf = d‘p(aflax)v cos 0. 


Equating the two expressions gives the required transport equation 
v cos 6 dffax = Nv | F(p, a)[f(p, 0’. x) — f(p, 0, x)] do’ = C(f).- (21.1) 


The right-hand side is zero for any function f that does not depend on the direction 
of p, and not only for the Maxwellian function fp as in the case of the Boltzmann 
equation. This is because of the assumption that the magnitude of the momentum is 
unchanged in the scattering of light particles by heavy ones: such collisions 
evidently leave steady any energy distribution of light particles. In reality, equation 
(11.1) corresponds only to the zero-order approximation with respect to the small 
quantity m,/mi2, and energy relaxation occurs in the next approximation. 

If the concentration and temperature gradients are not too large (these quantities 


varying only slightly over distances of the order of the mean free path), f may be 
Sought as the sum 


f = folp. x)+ 5f(p, 0, x), 


Where df is a small correction to the local-equilibrium distribution function fp and is 
linear in the gradients of c and T. In turn, we seek 6f in the form 


df = cos @. g(p, x). (11.2) 
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where g is a function of p and x only. In substituting in (11.1), it is sufficient to 


retain the fo term on the left-hand side; in the collision integral, the fy term 
disappears: 


CU) = ew | F(p, a)(cos 6’—cos @) do'; 


the function g, which is independent of the angles, has been taken outside the 
integral. 

This integral may be simplified as follows. We take the direction of the momen- 
tum p as the polar axis for the measurement of angles. Let ¢ and q’ be the 
azimuths of the x-axis and the momentum p’ relative to this polar axis. Then 


cos @'= cos 6 cosa +sin @ sin a Cos(¢ — ¢’). 


The solid-angle element do'=sinadadg', since a is the polar angle for the 
momentum p’. The integral of the term in cos(~—¢') gives zero from the in- 
tegration over dg’. The result is 


C(f) = — Noo. (p)vg cos 6 = — Noat(p)vdf, (11.3) 


where 


o(p)=2a | F(p, a)(1 —cos a) sina da 


= | (cos «) do (11.4) 


is Called the transport cross-section for collisions. 
From (11.1), we now find 


l__ fo 


BRD) Re ay 


(11.5) 


The diffusion flux i is, by definition, the flux of molecules of one component of 
the mixture (in this case, the light component). It is calculated from the distribution 
function as the integral 


i= | fv d’p, (11.6) 
or, since the vector i is along the x-axis, 


i= | cos 6. fod'p= | cos* 0. gvd°p; (11.7) 
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the fo term disappears on integration over angles. Substitution of (11.5) gives 


1 @ {fovcos’@ |; 


~ Ny ax op) 
weg CEST SU 
= 3N2 ax O; 


This expression may be written 
; l a 
t= aN ax {Nitv/o,)}, 


where the averaging is over the Maxwellian distribution. Lastly, we use the 
concentration c = N,/N ~ N,/N2 (since by hypothesis N.>N,), and replace N2 
approximately by N = P/T. The pressure being constant, we find the result 


i=-17 2 {E(uo} 


oc o fi 
= SMU) as cT a7 E (vfo)| 


oT 
Ox’ (11.8) 

This is to be compared with the phenomenological expression for the diffusion 
flux, 


i=-ND(ve +4: VT), (11.9) 


which defines the diffusion Coefficient D and the thermal diffusion ratio k;; the 
product D; = Dk; is the thermal diffusion Coefficient (see FM, §58).t Thus we find 


D =(T/3P \vlo;). (11.10) 
Lees OLED 
kp = cT log Se. (1.11) 


In diffusion equilibrium in a non-uniformly heated gas, a concentration. dis- 
tribution is set up in which the diffusion flux i= 0. Equating to a constant the 
expression in the braces in (11.8), we obtain 


c = constant X (11.12) 


aN 
(volory 


Assuming that the cross-section o; is independent of the velocity, and noting that 
{v)~(T/m,)'", we find that, in diffusion equilibruum of a mixture with a low 


tThe phenomenon of thermal diffusion was predicted by Enskog (1911) for precisely this model of a 
gas mixture. 
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concentration of the light gas, that concentration is proportional to VT, i.e. the 
light gas is concentrated in the regions where the temperature is high. 
The diffusion coefficient is, in order of magnitude, 


D ~ ol, (11.13) 


where bv is the mean thermal speed of the light-gas molecules and | ~ 1/No the 
mean free path. There is a well-known elementary derivation of this formula. The 
number of molecules of gas | passing across unit area perpendicular to the x-axis 
from left to right per unit time is equal in order of magnitude to the product N,2, 
where the density N, must be taken at a distance / to thc left of the area, i.e. at the 
points from which the molecules reach that area without undergoing collisions. We 
similarly find the number of molecules crossing the same area from right to left, 
and the difference between the two numbers gives the diffusion flux: 


i~Ni(x -De -Ni(x + Do ~— lv dN,/dx, 


which gives (11.13).7 


§12. Diffusion of a heavy gas in a light gas 


Let us now consider the opposite limiting case, where the concentration of the 
heavy gas in the mixture is small. In this case, the diffusion coefficient may be 
calculated indirectly without using the transport equation, by finding the mobility 
of the heavy-gas particles, regarding this gas as being in an external field. The 
mobility b is related to the diffusion coefficient of the same particles by the familiar 
Einstein’s relation 


D 


li 
o> 
es 


(12.1) 


see FM, 859. ) 

The mobility is, by definition, the proportionality coefficient between the mean 
velocity V acquired by a gas particle in the external field, and the force f exerted on 
the particle by the field: 


V = OF. (12.2) 


The velocity V is determined from the condition that the force f balances the 
resistance f, exerted on the moving heavy particle by the light particles; collisions 
between heavy particles may be neglected, because there are relatively few of 


tDiffusion, thermal conduction and viscosity are brought about by the same mechanism, namely direct 
molecular transport. The thermal conduction may be regarded as a “diffusion of energy” and the 
viscosity as a “diffusion of momentum”. We may therefore assert that the diffusion coefficient D, the 
thermometric conductivity x =«/Ncp and the kinematic viscosity vy = n/Nm are of the same order of 
magnitude; this leads to the formulae (7.10) for the thermal conductivity and (8.11) for the viscosity. 
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them. The distribution function of the light particles is Maxwellian: 


= N, _ my? 
bo Gam TY” exp IT ) 


where m, is the mass of a light particle. 

Let us consider one particular heavy particle with velocity V, and take coor- 
dinates moving with that particle; let v denote the velocities of the light particles in 
these coordinates. The distribution function of the light particles in these coor- 
dinates is fo(v + V); cf. (6.9). Assuming that V is small, we can write 


folv + V) = fo(v) C1 — miv. V/T). (12.3) 


The required resistance f, can be calculated as the total momentum transferred to 
the heavy particle by light particles colliding with it per unit time. The frame of 
reference is unchanged in a collision. The light particle carries momentum myv; 
after the collision, in which its momentum is turned through an angle a, it carries 
away an average momentum mv Cosa. The average momentum transferred to the 
heavy particle in such a Collision is therefore m,v(1 — cos a). Multiplying this by the 
flux of light particles with velocity v and by the cross-section do for such a 
collision, and integrating, we obtain the total momentum transferred to the heavy 
particle: 


f, =m, | tatw V)vvo; d’p, 


again with the notation (11.4). When fo(v + V) is substituted in the form (12.3), the 
first term gives zero in the integration over directions of v, leaving 


f, = — uy me f ov. v yuo; d’p, 
or, averaging over directions of vy, 


{,=—-s> Wy TEV | fvdow’ d’p 


=-NZe vow), 


where the angle brackets again denote averaging over the ordinary Maxwellian 
distribution. Lastly, since in this case N, > N2, we write N, = N = P/T, so that 


Equating to zero the sum of the resistance f, and the external force f, we find from 
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(12.2) the mobility b, and thence the diffusion coefficient 
D = bT =3T?/m/P(ow’). (12.4) 


To calculate the thermal diffusion in this case, it would be necessary to know the 
distribution function of the light-gas particles in the presence of a temperature 
gradient. The thermal diffusion coefficient therefore cannot be calculated in a general 
form here. 

In order of magnitude D ~ o/No, where v ~ V(T/m) is, as in (11.13), the mean 
thermal speed of the light-gas molecules. Thus the order of magnitude of the 
diffusion coefficient is the same in each case: 


D~ T??/oPm,"”. (12.5) 


PROBLEM 


Determine the diffusion coefficient in a mixture of two gases (one light and one heavy), regarding their 
particles as hard elastic spheres with diameters d; and d2. 


SOLUTION. The collision cross-section do = a(d+ 42)’ dofl6z, and so the transport cross-section 
on =4n(dy + d2)’, equal in this case to the total cross-section o. The diffusion coefficient is 


D=AT??I(dy + doy Pm”, 


where my is the mass of a light particle and A is a numerical factor. When the concentration of the light 
gas is small, a calculation from (11.10) gives 


A =4Q2/ay” = 0.68. 
When the concentration of the heavy gas is small, (12.4) gives 
A=3/2V (271) = 0.6. 


Note that the values of A in the two limiting cases are almost equal. 


§13. Transport phenomena in a gas in an external field 


The rotational degrees of freedom of molecules provide the mechanism whereby 
an external magnetic or electric field can affect transport phenomena in a gas.{ The 
effect is of the same nature in the magnetic and electric cases; we shall first discuss 
a gas in a magnetic field. 

A rotating molecule has in general a magnetic moment, whose average value (in 
the quantum-mechanical sense) will be denoted by p. The magnetic field will be 
assumed so weak that 4B is small in comparison with the intervals in the fine 
structure of molecular levels. We can then neglect the influence of the field on the 


tThis mechanism was pointed out by Yu. M. Kagan and L.. A. Maksimov (1961), who also derived the 
results piven in this section. 

tIn macroscopic electrodynamics, the mean value (over physically infinitesimal volumes) of the 
magnetic field is called the magnetic induction and denoted by B. When the density of the medium is 
low, as in a gas, the magnetization is negligible, and the vector B then coincides with the macroscopic 
field H. 
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state of the molecule, so that the magnetic moment is calculated for the un- 
perturbed state. For fairly high temperatures, the case we shall consider, wB is 
small in comparison with T also: this enables us to neglect the influence of the field 
on the equilibrium distribution function of the gas molecules. 

The magnetic moment is parallel to the rotational angular momentum M of the 
molecule, and may be written 


p= yM. (13.1) 


Classical rotation of the molecule corresponds to large rotational quantum num- 
bers; we can then neglect in M the difference between the total angular momentum 
(including spin) and the rotational angular momentum. The value of the constant 
coefficient -y depends on the nature of the molecule and the nature of its magnetic 
moment. For example, with a diatomic molecule having non-zero spin S, 


y ~ (20/M )ps, (13.2) 


where pg is the Bohr magneton, and the number o=J-—K its the difference 
between the quantum numbers J of the total angular momentum and K of the 
rotational angular momentum (o takes the values S, S~I,...,—S); tm the 
denominator, the difference between J and K is not significant: M ~ hJ =~ hK. In 
(13.2) it is assumed that the spin—axis interaction in the molecule is small in 
comparison with the intervals in the rotational structure of the levels (Hund’s case 
b).+ 

In a magnetic field B, the molecule is subjected to a torque p xX B. The vector M 
is then no longer constant during the “free’’ motion of the molecule, but varies 
according to 


dM/dt = »xB=— yBxM: (13.3) 


the vector M precesses about the direction of the field with angular velocity ~ yB. 
The left-hand side of the transport equation thus has an added term (df/@M). M, 
and the equation becomes 


dhaass Of i 
es + yMXB-— = Ci). (13.4) 


The variables T on which the distribution function depends must also include the 
discrete variable o, which determines the value of the magnetic moment, if there is 
such a variable, as in (13.2). 

In problems of thermal conduction and viscosity, we again take a distribution 
close to the equilibrium one, and express it as 


f = fol + x/T). (13.5) 


tFormula (13.2) follows from the exact formula for case b, derived in QM, § 113, Problem 3, on taking 
the limit of large J and K with a fixed difference J—-K. The contribution of the orbital angular 
momentum A is then negligible, being of the next order of smallness in 1/J. 
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We shall first show that a term in afo/@M does not occur in the transport equation. 
Since fp depends only on the energy e(I) of the molecule, and de/@M is equal to the 
angular velocity , we have 


yM XB. dfol9M = yMXB.Q Ofp/de. (13.6) 


For molecules of the rotator and spherical-top types, M and © are parallel, and the 
expression (13.6) is zero identically. In other cases, it becomes zero after averaging 
over the rapidly varying phases, the necessity for which has been explained in § I. 
When molecules of the symmetrical-top or asymmetrical-top type rotate, there is a 
rapid variation both of the direction of the axes of the molecule itself and of that of 
its angular velocity @. After the averaging mentioned, Q can retain only the 
component Qy along the constant vector M, and for this component the product 
M.BX Qs =0. 

The remaining terms in the transport equation are transformed in the same way 
as in §7 or §8. For instance, in the thermal conduction problem we find the 
equation 


CO—oly yr=—ymxp- 2X4 1y). (13.7) 


The solution of this equation is again to be sought in the form x = g. VT, but there 
are now three vectors v, M, B, not two, available to construct the vector function 
g(f). The external field creates a distinctive direction in the gas. The process of 
thermal conductior therefore becomes anisotropic, and the scalar coefficient k has 
to be replaced by « thermal conductivity tensor kag, Which determines the heat flux 
by 


Ja = — Kap OT/AXg. (13.8) 


The tensor Kgg is calculated from the distribution function as the integral 


| 
Kap =~ | Foevegs AV (13.9) 


cf. (7.5). 
The general form of a tensor of rank two depending on the vector B is 


Kap = K5ep + KiDabg + K2€apyby, (13.10) 


where b= B/B, éagy is the antisymmetric unit tensor, and x, Ki, Kz are scalars 
depending on the field strength B. The tensor (13.10) obviously has the propertyt 


Kag(B) = Kga(—B). (13.11) 


*This property expresses the symmetry of the kinetic coefficients in the presence of a magnetic field. 
In the present case. it necessarily follows from the existence of only the one vector b from which the 
tensor Kag Can be constructed. 
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The expression (13.10) corresponds to the heat flux 
q=— «VT — «,b(b. VT)— ,VT xb. (13.12) 


The last term is what ts called an odd effect, changing sign with the field. 

The integral term [(y) on the right of (13.7) is given by (6.5). The integrand 
contains the function fo, which is proportional to the gas density N. Separating this 
factor and dividing both sides of the equation by it, we find that N appears only in 
the combinations B/N with the field and VT/N with the temperature gradient. It is 
therefore Clear that the function fox = fog. VT will depend on the parameters N 
and B only through the ratio B/N; the integrals (13.9) will also depend only on this 
quantity, and therefore so will the coefficients x, kK), «2 in (13.12). The density N is 
proportional (at a given temperature) to the gas pressure P. Thus the thermal 
conductivity of a gas in a magnetic field depends on the field and the pressure only 
through the ratio B/P.t 

When B increases, the first term on the right of (13.7) increases, but the second 
term is unchanged. It is therefore clear that as B > « the solution of the equation must 
be a function depending only on the direction (not the magnitude) of the field, and 
this function must make identically zero the term MB. dx/aM in the equation: 
accordingly, the coefficrents x, K;, Kz tend to constant limits independent of B, as 
Boo, 

The treatment of the viscosity of a gas mm a magnetic field is similar. The 
corresponding transport equation 1s 


(mv.vp ang) Ve = I(x)- yYMxB x, (13.13) 


cf. (6.19). The solution is to be sought in the form yx = gap Vag. Instead of the two 


viscosity coefficients 7 and ¢, we must now use a tensor Napys Of rank four which 
determines the viscous stress tensor 


Oop = NaBys Vi83 (13. 14) 


by definition, the tensor Nepys is Symmetric in the pairs of suffixes a, B and y, 6. 
With the known function x, its components are calculated as 


ig | mosvefes,s a0. (13.15) 


The viscosity tensor thus found will necessarily satisfy the condition 


Napys(B) = Nysap(— B), (13.16) 


which expresses the symmetry of the kinetic coefficients. 
With the vector b = B/B (and the unit tensors dg and e,gy), we can Construct the 


tThe change in the thermal conductivity of a gas in a magnetic field is called the Senftleben effect. 
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following independent tensor combinations having the symmetry properties of 
Napys- 


(1) Say5g5 + bas5ey> 

(2) S.p8ys, 

(3) Saybegbs + Sgybabs + Sasbgby + Sgsbaby, 

(4) d.pb,bs + dysbabs, (13.17) 
(5) babgb,bs, 

(6) Day5gs + Dpy5as + Dasdpy + Dgsdays 

(7) Daybgbs + beybabs + basbaby + Dgsbab,, 


where bag = — bga = Capyby- In all these combinations except (4), the property (13.16) 
follows automatically from the symmetry with respect to the pairs of suffixes a, B 
and y,5; in (4), the two terms are combined in order to satisfy the condition 
(13.16).T 

In accordance with the number of tensors (13.17), a gas in a magnetic field in 
general has seven independent viscosity coefficients. These may be defined as the 
coefficients in the following expression for the viscous stress tensor: 


oig = 29( Vag — 380g div V) + f8g div V 
+ 1(2Vapg — Sap div V + SapVysb,bs — 2Vaybybe 
~2Vp,byb, + bubs div V + babgVysb_bs) 
+ 272 Veybybg + Vaybyba — 2babp V,gbybs) 
+ 13( Vaybpy + VeyDay — Vysbaybgbs — Vysbpybabs) 
+ 2nd Vysbaybpbs + Vysbpybabs) + Li(5ag Vysbybs + babs div V); (13.18) 


Vig is defined in (6.12). This is so constructed that 7, 71,..., qs are coefficients of 
tensors which give zero on contraction with respect to the suffixes a, B; £ and 
are cocfficients of tensors with non-zero trace, and may be called second viscosity 
coefficients. Note that they contain not only the scalar div V but also V,sb,bs. The 
first two terms in (13.18) correspond to the usual expression for the stress tensor, 
so that 7 and Z are the ordinary viscosity coefficients. 

The tensors Kap and Nagy Must be true tensors, since they satisfy the condition of 
symmetry under inversion. The abandonment of this condition (for a gas of 
stereoisomeric material) would therefore not lead to the presence of any new 
terms. 

Such abandonment would, however, bring about new effects, with a heat flux g™ 
due to the velocity gradients and viscous stresses o””) due to the temperature 
gradient. These cross~effects are described by the formulae 

(Vv) __ (CT) _ 
Y 


q = Cy, ap Vaps Oap = — Gap. vol] OXy, (13.19) 


tlt is unnecessary to write down Combinations of terms with two factors beg: since the product of two 
tensors @ugy reduces to products of tensors 5a, such combinations would reduce to those already 
included in (13.17). 
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where Cy.og and dag y are tensors of rank three symmetric in the pair of suffixes 
separated by the comma. With xX, and X, chosen as in §9, the kinetic coefficients 
vob aNd Yoo are TCyag and T7d.g. Onsager’s principle thus shows that in the 
presence of a magnetic field we must have 


Tap. (CB) = Cy, ag(— B). (13.20) 
The general form of such tensors is 
Qap.y = a, babgb, + A2b, bag + a3(b, 8p, + bday) + as(ba,bg + bgyb.). (13.21) 


All the terms here are pseudotensors, and so the relations (13.19) with these 
coefficients are not invariant under inversion. 

Let us now briefly consider transport phenomena in a gas in an electric field. We 
take a gas consisting of polar molecules (i.e. having a dipole moment d) of the 
symmetrical-top type. In an electric field, a polar molecule is acted on by a torque 
d XE, so that the transport equation contains a term 


M. af/aM=d XE. af/aM. 


The direction of d is along the axis of the molecule and is unrelated to that of the 
rotational angular momentum M. However, as a result of averaging with respect to 
the rapid precession of the top’s axis about the direction of the constant vector M, 
there remains in the above term only the component d along M, and it becomes 


yM XE. affaM, (13.22) 


where y = od/M;; the variable o (the cosine of the angle between d and M) now 
takes a continuous series of values from —1| to +1. The expression (13.22) differs 
from the corresponding term in the magnetic case only in that B is replaced by E. 
Thus all the above transport equations and the conclusions drawn from them remain 
valid. + 

There is, however, a difference arising from the fact that the electric field E is a true 
vector, not a pseudovector, and is unaffected by time reversal. For this reason, 
Onsager’s principle for the thermal conductivity and viscosity tensors is here 
expressed by 


Kup(E) = Kpa(E),  Tupys(E) = nysae(E), (13.23) 


instead of (13.11) and (13.16). Correspondingly, x; = 0 and 7; = ns =0 in (13.10) and 
(13.18) (where now b = E/E).# On the other hand, cross-effects are possible not only 
in a stereoisomeric gas, for which (13.21) is fully valid, but also in a gas of non- 
stereoisomeric molecules: the expression (13.21) with a,=0 1s then a true tensor. 


TDiatomic molecules rotate in a plane perpendicular to M: hence o = 0 for a diatomic polar molecule. 
In such a case the effect of the electric field on the motion of the molecules appears in the transport 
equation only in the quadratic approximation with respect to the field. 

#1n a gas of non-stereoisomeric molecules, the absence of the terms in x», 73. 7 in an electric field is 
also required by the condition of invariance under inversion. 
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§ 14. Phenomena in slightly rarefied gases 


The dynamical equations of motion of a gas, including thermal conduction and 
internal friction, contain the heat flux q’ (the dissipative part of the energy flux q) 
and the viscous stress tensor o~g (the dissipative part of the momentum flux Ig). 
These equations acquire real meaning when q’ and ofg have been expressed in 
terms of the temperature and velocity gradients in the gas. However, the usual 
expressions linear in these gradients are just the first terms of expansions in powers 
of the small ratio I/L of the mean free path to the characteristic dimensions of the 
problem (called the Knudsen number K). If this ratio is not very small, it may be 
reasonable to make corrections based on the terms of the next order of smallness in 
/L. Such corrections arise both in the equations of motion themselves and in the 
boundary conditions on these equations at the surfaces of bodies in the gas flow. 

The successive terms in the expansions of the fluxes q’ and og are expressed 
by means of the spatial derivatives of temperature, pressure and velocity, of 
various orders and raised to various powers. These terms must in principle be 
calculated by going to ‘further approximations in the solution of the transport 
equation. The zero-order approximation corresponds to the local-equilibrium dis- 
tribution function fo and the dynamical equations of an ideal fluid. The first-order 
approximation corresponds to the distribution function f = fo(14 x/T) considered 
in §§ 6-8, and the Navier-Stokes equations of fluid dynamics,and the equation of 
thermal conduction. In the second-order approximation, the distribution function is 
to be sought in the form 


fafolltax?+ ex (14.1) 


and the transport equation is to be linearized with respect to the second-order 
correction y™. The resulting equation is 


T (8 ) fox T 4 
aaa T° at t° 


| 
= nad | Ww’ foley” — xy] aD, dP" aT =F 1x, (14.2) 


where I is again the linear integral operator (6.5). The symbol do/ét signifies that the 
time derivatives of macroscopic quantities which appear as a result of differentiat- 
ing fox/T are to be expressed in terms of spatial derivatives by means of the 
zero-order equations of fluid dynamics (Euler’s equations). The symbol 4@,/dt 
signifies that the time derivatives are to be eliminated by means of the first-order 
terms in the Navier-Stokes equations and the equation of thermal conduction (the 
terms containing 7, € and x). 

We shall not write out all the numerous terms in q’ and ogg that arise in the 
Second approximation and are called Burnett terms (D. Burnett, 1935). In many 
cases these terms make a contribution to the solution that is small in comparison 
with the corrections in the boundary conditions, to be discussed below. In such 
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cases, the inclusion of corrections in the equations themselves would be an 
unjustifiable exaggeration of the attainable accuracy. We shall merely consider 
some typical correction terms and make estimates of them for motions of various 
kinds. 

First of all, let us note that the small parameter K = I/L is related in a certain way 
to two parameters which describe the fluid motion, namely the Reynolds number R 
and the Mach number M. The Reynolds number is defined as R ~ VL/v, where V is 
the characteristic scale of velocity of the flow and v the kinematic viscosity; the 
Mach number M ~ V/u, where u is the speed of sound. In a gas, the order of 
magnitude of the speed of sound is the same as the mean thermal speed ¢ of the 
molecules, and the kinematic viscosity v ~ li. Hence R ~ VL/li, M ~ V/é and the 
Knudsen number 


K ~ MIR. (14.3) 


Hence it 1s Clear that the condition K <I for the flow to be governed by the linear 
equations of fluid dynamics imposes a limitation on the relative order of magnitude 
of R and M. Let us first consider “‘slow”’ motions, with 


R<l, MK. (14.4) 


Let us take any of the Burnett terms in the viscous stress tensor containing the 
product of two first derivatives of the velocity, for instance 


OW aON Gg. 


ax, Ox,’ (14.5) 


pl? 
the coefficient pl* (where p is the gas density) is an order-of-magnitude estimate. 


This term gives a contribution ¢” ~ pl’?V7/L’ to ois. The order of magnitude of the 
principal (Navier—Stokes) terms in the viscous stresses is 


ao ~ 1 aV/ax ~ pléV/L, 
and the ratio 


oo ~IV/ILé ~ FRIL?. 


Since RS 1, we see that the terms (14.5) give a Correction to the viscous stresses 
whose relative order is <(i/L)’; the correction in the boundary conditions (see below) 
gives much larger corrections (~I/L) to the motion. 

The corrections are even smaller that arise from terms of the formt 


pl? dT oT 
ms ax, OXp” 


(14.6) 


if the temperature gradients are those which result from the motion itself; this 
follows because the characteristic temperature differences AT ~ TV7/u’. If, 


Terms of this kind in the viscous stresses were first discussed by Maxwell (1879). 
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however, temperature differences are imposed from outside (e.g. by heated bodies 
immersed in the gas), the Burnett terms of the form (14.6) may cause a steady 
motion with characteristic velocities determined by the equilibrium equation 


9 oy yg my OP 
OXp (cap + op) OX, 
An estimate of the speed of this motion is 
V~UATY/LmiT? (14.7) 


(M. N. Kogan, V. S. Galkin and O. G. Fridlender 1970). In making the estimate, it 
must be remembered that the Laplacian of the temperature can be expressed, by 
means of the thermal conduction equation div (x VT) = 0, in terms of the square of 
the temperature gradient, and that the motion is caused only by the non-potential 
part do'3/dxg of the force; the potential part is balanced by the pressure. 

Similar considerations apply to the correction terms in the heat flux q’. It is 
impossible to construct a second-order correction term from the derivatives of the 
temperature alone; the first such correction term (after —xVT) is constant xX VAT 
(where A is the Laplacian operator), and thus is of the third order. The terms which 
include velocity derivatives as well as temperature derivatives, such as 


(pl?/m) div V. VT, 


again give corrections of relative order |7/L?. 
Let us now go on to “fast” motions, with 


R>1l, MSI. (14.8) 


In such cases, the gas motion takes place in two regions: the main volume, where 
the viscous terms in the equations of motion are unimportant, and a thin boundary 
layer, in which the gas velocity decreases rapidly. 

Let us consider, for example, the flow of gas past a flat plate, taking the direction 
of flow as the x-axis. The thickness 6 of the boundary layer on the plate is 


& ~ (xv] V)!? ~ (xl VY, 


where x is the distance from the leading edge; see FM, §39. The characteristic 
dimension for the variation of the velocity in the x-direction is given by the 
coordinate x itself, and that in the y-direction, perpendicular to the plate, is given 
by the thickness 6 of the boundary layer. Here, by the equation of continuity, 
V, ~ V,8/x. The principal term in the Navier-Stokes viscous stress tensor is 


Oxy ~ pv AV, dy ~ pul VIS. 


Among the Burnett terms in oy, however, there is none containing (dV,/dy)’; it is 
easily seen that the derivatives dV,/dxg do not yield a tensor of rank two quadratic 
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in them whose xy-component contains that square. The largest terms in o can 
only be those of the form 


pl’(aV,/dy) div V ~ pl?V7/x6. 
Their ratio to o@ is oo ~ 1V/xé ~ (/5)’, which is again of the second order. 

We shall now show that the correction terms in the conditions at gas—solid 
boundaries yield effects of the first order in I/L. It follows that appreciable 
consequences of the rarefaction of the gas occur near solid surfaces. 

In non-rarefied gases, the boundary condition at the surface of a solid is that the 
temperatures of the gas and the solid are equal. In reality, however, this is an 
approximate condition, and applies only if the mean free path may be regarded as 
infinitesimal. When the finite mean free path at the surface of contact between a 
solid and a non-uniformly heated gas is taken into account, there is a difference of 
temperatures, which falls to zero, in general, only when there is complete thermal 
equilibrium and the gas temperature is constant.} 

Near a solid surface (at distances from it that are small, but not too small), the 
temperature gradient of the gas may be assumed Constant, so that the temperature 
varies linearly with the distance. In the immediate neighbourhood of the wall, 
however, at distances ~l, the temperature variation is in general more complex and 
its gradient is not constant. The continuous curve in Fig. 1 shows the approximate 
form of the gas temperature near the surface. 

However, this true form of the temperature in the vicinity of the wall, which 
relates to distances comparable with the mean free path, is not important when 
considering the temperature distribution throughout the gas. As regards the tem- 
perature distribution near a solid wall, we are mainly concerned with only the 
straight part of the curve in Fig. 1, which extends to distances large compared with 


Fic. 1. 


tin referring to the temperature of a gas in regions whose size is of the order of the mean free path, it 
is necessary, strictly speaking, to define what is meant by temperature. In the present case it will be 
defined in terms of the mean energy of the molecules at a given point in the gas, the function which 
determines the temperature from that mean energy being taken as the same as for large volumes of gas. 


ie Kinetic Theory of Gases 


the mean free path. The equation of this straight line is determined by its slope and 
by the intercept on the ordinate axis. We are thus concerned not with the actual 
discontinuity of temperature at the wall, but with the discontinuity that results 
when the temperature gradient is assumed constant near the wall at all distances 
down to zero, as shown by the broken line in Fig. |. Let 5T denote this 
extrapolated temperature discontinuity, defined as the gas temperature minus the 
wall temperature (the latter being arbitrarily taken as zero in Fig. 1). 

When the temperature gradient is zero, so is the discontinuity 5T. Hence, for 
fairly small temperature gradients, 


5T = gdT/an; (14.9) 


the derivative is taken along the normal to the surface into the gas. The coefficient 
g may be called the temperature discontinuity coefficient. If the gas temperature 
increases into the volume (@éT/dan >0), we must also have 5T >0O, and so the 
coefficient g is positive. 

Similar effects occur at the boundary between a solid wall and a moving gas. 
Instead of “‘sticking” completely to the surface, a rarefied gas maintains a Small but 
finite velocity near it, and slips along the surface. As in (14.9), we have as the speed 
of slip 


vo = € aV,/an, (14.10) 


where V, is the tangential component of the gas velocity near the wall. Like g, the 
slip coefficient € is positive. The same comments apply to vo as were made 
regarding the temperature discontinuity 5T given by (14.9). This speed is, strictly 
speaking, not the actual speed of the gas at the wall itself, but the speed 
extrapolated on the assumption of a constant gradient dV,/dn in the layer of gas 
along the wall. 

The coefficients g and € have the dimensions of length, and are of the same order 
of magnitude as the mean free path: 


Bri cet (14.11) 


The temperature discontinuity and the slip speed themselves are consequently 
quantities of the first order in I/L. To calculate the coefficients g and &, it would be 
necessary to solve the transport equation for the distribution function of the gas 
molecules near the surface. This equation would have to take account of collisions 
between the gas molecules and the wall, and it would therefore be necessary to 
know the law governing their scattering in such collisions. 

If the broken line in Fig. | is continued to intersect the abscissa axis, it makes an 
intercept of length g. Thus we can say that the temperature distribution in the 
presence of a temperature discontinuity is the same as if there were no dis- 
continuity but the wall were moved back a distance g. The same applies to the slip, 
with the wall moved back a distance & Of course, with these changes only the 
first-order terms in g or € should be retained in the solutions of problems in fluid 
mechanics. Since taking account of the temperature or velocity discontinuities is 
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equivalent to moving the boundaries by distances of the order of |, the resulting 
corrections in the solutions are of the order of Id/ax ~ I/L, i.e. of the first order in 
WL. 

As well as the above corrections to the boundary conditions, there are other 
effects of the same order in I/L, which in many instances are more important, since 
some qualitatively new phenomena occur. 

One of these is a movement of gas near a non-uniformly heated solid surface, 
called thermal slip. It bears some analogy to thermal diffusion in a mixture of gases. 
Just aS, in the presence of a temperature gradient in a gas mixture, collisions with 
molecules of the other gas Create a flux of particles, so in this Case a flux results 
from collisions with the non-uniformly heated wall by molecules in a thin layer of 
gas at the wall, whose thickness ~1. 

Let V, denote the tangential velocity acquired by the gas near the wall as a result 
of thermal slip, and V,T the tangential component of the temperature gradient. In 
the first approximation, we can suppose that V, is proportional to V,T, i.e. for an 
isotropic surface 


V, = pV, T. (14.12) 


The coefficient must be proportional to the mean free path, since it 1s due to 
particles in a gas layer of that thickness. Then clearly, from dimensional arguments, 
p. ~ I/mb. Expressing the mean free path in terms of the collision cross-section and 
the gas density, we have | ~ I/No ~ T/oP, and, finally, 


I 
B~o5 ye (14.13) 


The sign of p is not determined by thermodynamic requirements; experimental 
results show that usually p > 0. 

One further first-order effect is the presence in a moving gas of an additional 
surface heat flux (i.e. restricted to a layer at the wall with thickness ~1!) qlur, 
Proportional to the normal gradient of the tangential velocity: 


Qsurt = ge Vi/dn, (14.14) 


with the dimensions energy/length X time. 

The coefficients y and ~ are connected by a relation which follows from 
Onsager’ S principle. To derive this, let us consider the “surface” part of the rate of 
increase of entropy S.u, due to the motion of the gas at the wall and taken per unit 
area of the wall surface. Tos quantity consists of two parts. The presence of the 
heat flux qi..4 contributes — T “qu. VT ; cf. the corresponding expression forthe rate of 
increase of entropy due to a bulk heat flux (FM, § 49; SP 2, §88). Secondly, the wall 
Past which the gas is flowing is subject toa frictional force —74V,/dn per unit area. The 
energy dissipated per unit time is equal to the work done by this force, —70 V,/an. V,, 
ae division by T gives the contribution to the rate of increase of entropy. Thus we 

ave 


en oe I av 
Ssurt = — 773 Gout « VT -aaV, fcaee (14.15) 
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We now take as the X,, in the general statement of Onsager’s principle (§9), the 
vectors 


1 
Xt = fi VT, X,=>s- 


A comparison of (14.15) with the expressions (9.3) shows that the corresponding 
quantities X, are the vectors 


x= Qsurt> X= 7) Vi. 


The “equations of motion” (9.1) are the relations (14.12) and (14.14); writing these 
as 


x)= Te X2, k= NUT’X), 
we obtain the required relation 


gp = Thy (14.16) 


(L. Waldmann 1967). 


PROBLEMS 


PROBLEM 1. Two vessels containing a gas at different temperatures T; and T2 are connected by a 
long tube. As a result of thermal slip, a pressure difference is established between the gases in the two 
vessels (tlic thermo-mechanical effect). Determine this difference. 

SOLU1ION. The boundary condition at the surface of the tube for Poiseuille flow under the influence 
of the pressure and temperature gradients, with allowance for thermal slip, is e = dT/dx at r=R 
(where R is the tube radius and the x-axis is along the length of the tube). We find in the usual way (see 
FM, §17) the velocity distribution over the tube cross-section: 


p= 3 AP ope yy EE 
os rene es 


The mass of gas flowing through a cross-section of the whe per unit time is 


__ paR* dP 2dT 
Q= 87 dx PMTR dx’ (1) 


where p is the gas density. In mechanical equilibrium Q = 0, whence 


dP _8yp dT 
dx R* dx’ 


Integration over the whole length of the tube gives the pressure difference: 
P2— Pi = (8np{R’)(T2- Ti) 


(if Tz -— T) is fairly small, 7 and p» may be taken as constants). An estimate of the order of magnitude of 
the effect by means of (14.13) and (8.11) gives 


SP/P ~ (PIR? )8TIT. 
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The velocity distribution over the tube cross-section when Q = 0 is 


2r* dT 
v= ne 1\o 


The gas flows along the walls in the direction of the temperature gradient (v > 0), and near the axis of 
the tube it flows in the opposite direction (v <0). 

PROBLEM 2. Two tubes of length L and different radii (Ri<R2) are joined at their ends: the 
junctions are maintained at different temperatures (T2 > T)), the difference being small. As a result of 
thermal slip, a circulatory motion of gas is established in the tubes. Find the total gas flow through the 
tube cross-sections. 

SOLUTION. Dividing (1) in Problem 1 by R* and integrating along a closed contour formed by the two 
tubes, we have 


2 Re 
Q= ot — TR? ~— Ry) at 


The flow takes place in the direction shown in Fig. 2. 


A 


L 
Fic. 2. 


PROBLEM 3. Determine the force F acting on a sphere of radius R immersed in a gas where a 
constant temperature gradient VT = A is maintained. 
SOLUTION. The temperature distribution within the sphere is given by 


3x2 
T= Re Arcos 6, 


where x: and x: are the thermal conductivities of the sphere and the gas; r and @ are spherical polar 
coordinates with the origin at the centre of the sphere and the polar axis along A (see FM, §50, Problem 
2). Hence we find for the temperature gradient along the surface of the sphere 


1 oT _ 3x2 


R ae Ky + 22 


Asin @. 


The laminar flow of the gas resulting from the thermal slip is determined only by the one vector A 
The corresponding solution of the Navicr—Stokes equation may therefore be sought in the same form as 
in the problem of liquid flow past a sphere moving in it (see FM, §20): 


= AtHAD 


b 3n(A.n)—A 
r’ ? 


where n=r/r; the additive constant in v is omitted, since we must have v = 0 as r>. The constants a 
and b are found from the conditions 


tr=0, ve=(piR)aT/ae@ at r=R; 
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their values are 
a = b[R* =—3«2RpfA«y + 2x2). 
The force on the sphere is 
F=8ranA *— J2anpRe2VT]/(«1 + 2«2). 


For the surface effects considered in these Problems to be in fact small compared with the volume 
effects. the temperature must vary only slightly over the radius of the tube in Problems | and 2. and 
over the radius of the sphere in Problem 3. 

PROBLEM 4. Two vessels Joined by a long tube contain gas at the same temperature and at pressures 
P, and P». Determine the heat flux between the vessels which accompanies Poiseuille flow in the tube 
(the mtechano-caloric effect). 

SOLUTION. According to (14.14) and (14.16), the heat flux along the walls of the tube is 


q’ = 2nRaq tut = 2a7RT yp dV dr. 
From the condition of mechanical equilibrium of the liquid in a steady flow. we have 
2aRn dVidr = aR? dP{dx = wR°(P:— PIL. 
Hence, finally. 


q’ = aR’ Tp(P? ~ PL. 


§ 15. Phenomena in highly rarefied gases 


The phenomena discussed in §14 are no more than correction effects associated 
with higher powers of the ratio of the mean free path | to the characteristic 
dimensions L of the problem; this ratio was supposed still small. If the gas is so 
rarefied, or the dimensions L are so small, that 1/L 21, the equations of fluid 
dynamics become completely inapplicable, even with corrected boundary con- 
ditions. 

In the general case of any I/L, it is in principle necessary to solve the transport 
equation with specified boundary conditions on solid surfaces in contact with the 
gas. These conditions depend on the interaction between the gas molecules and the 
surface, and relate the distribution function for particles incident on the surface to 
that for particles leaving it. If this interaction amounts to scattering of molecules 
without chemical transformation, ionization, or absorption by the surface, it ts 
described by the probability w(I’, Pdf’ that a molecule with given values of f 
strikes the surface and is reflected into a given range df’; the function w 1s 
normalized by the condition 


| we. dr: (15.1) 


With this function, the boundary condition for the distribution function f(f) 
becomes 


[ w(P, Pn. ve(P)dP=—n.v' f(P) with n.v'>0. (15.2) 
n.v<0 
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The integral on the left multiplied by dI is the number of molecules incident 
on unit area of the surface per unit time and scattered into a given range dI"; 
the integration is taken over the range of values of F that corresponds to molecules 
moving towards the surface (n being a unit vector along the outward normal to 
the surface of the body). The expression on the right of (15.2) is the number of 
molecules leaving unit area of the surface per unit time. The values of [ on each 
side of the equation must correspond to molecules moving away from the surface. 

In equilibrium, when the temperature of the gas is the same as that of the body, 
the distribution function must have the Boltzmann form for both the incident and 
the reflected particles. Hence it follows that the function w must satisfy identically 
the equation 


[ wi, Dyn. ve dP=—n iv ee, (15.3) 
n.v-0 


which is obtained by substituting in (15.2) f(f) = constant x exp(— €/T)), with T, the 
temperature of the body. 

In the general formulation described, the solution of the problem of highly 
rarefied gas flow is of course very difficult. The problem can, however, be more 
simply stated in the limiting case where the gas is so highly rarefied that /L > 1. 

A large class of such problems relate to situations where a considerable mass of 
gas occupies a volume large compared with the dimensions L of solid bodies 
immersed in the gas, and also compared with the mean free path |. Then collisions 
of molecules with solid surfaces are comparatively rare, and are unimportant 
relative to collisions between molecules. If the gas itself is in equilibrium, with 
temperature T2, we Can assume under these conditions that the equilibrium is not 
destroyed by the immersed body. There may be any temperature difference 
between the gas and the body. The same is true of the macroscopic velocities. 

Let 7 = T,— T, be the difference between the temperature of the gas and that of 
Some part df of the surface of the body, and V the velocity of the gas relative to the 
body. For non-zero 7 and V there is heat exchange between the gas and the body, 
and a force is exerted on the body by the gas. Let q be the dissipative heat flux 
from the gas to the body, and let F— Pn denote the force per unit area acting along 
the outward normal n at each point on the surface of the body. The second term 
here is the ordinary gas pressure; F is the additional force under consideration, due 
to + and V. The quantities q and F are functions of 7 and V, and are zero when 
these are zero. 

If 7 and V are sufficiently small (+ with respect to the temperatures themselves of 
the gas and the solid, V with respect to the thermal velocity of the gas molecules), 
then q and F can be expanded in powers of 7 and V as far as the linear terms. Let 
F, and V, denote the components of F and V along the normal n; F, and u, their 
tangential parts, which are vectors having two independent components. Then the 


€xpansions mentioned are 


gq=at+BV,, F,=y7+8V,, F: = OV, (15.4) 


where a, B, y, 5, 8 are constants (or rather functions of temperature and pressure), 
Characteristic of any given gas and solid material. The “scalar” quantities q and F, 


58 Kinetic Theory of Gase 


cannot, by symmetry, contain terms linear in the vector V,. For the same reason, 
the expansion of the vector F, does not contain terms linear in the ‘‘scalars” 7 and 
V,.- 

The quantities a,5 and @ are positive. For example, if the gas temperature 
exceeds the body temperature (7 >0), heat will pass from the gas to the body, and 
the corresponding part of the flux q will be positive; hence a >0. Next, the forces 
F, and F, due to the gas flow relative to the body must be in the same direction as 
V, and V,; hence 5>0 and @>0. The sign of the coefficients 8B and y does not 
follow from general thermodynamic considerations, although in practice they seem 
to be usually positive. There is a simple relation between them which is a 
consequence of the symmetry of the kinetic coefficients. 

To derive this relation, we calculate the time derivative of the total entropy of 
the system comprising the gas and the body in it. A quantity of heat q df is gained 
by the body from the gas in unit time through each surface element df. The 
increment in the entropy S, of the body is 


S1= $ (aT) af, 


where the integration is over the whole surface of the body. 

To calculate the increase in the entropy of the gas, we take coordinates such that 
the gas is at rest at the position of the body; then the velocity of each point on the 
surface is —V. In order to demonstrate the required relation, we shall suppose that 
the shape of the body may vary during its motion; then the velocities V of various 
points on its surface are arbitrary independent variables. From the thermodynamic 
relation dE = T dS — P dV, the change in the entropy of the gas per unit time is 


S> i (E2+ P2V2)[T2, 
quantities with the suffix 2 relating to the gas. The derivative E2 is, by the 
conservation of the total energy of the system, minus the change in the energy of 
tne body. This change is made up of the quantity of heat ¢qdf and the work 
¢—V.(F — Pn) df done on the body. Thus we find as the change in the energy of the 


gas 


E,= p (-q + FV, +F, . V;, a P2V,) df. 


The change in the gas volume is equal to minus the change in the volume of the 
body: 


ir = p V,, df. 
The change in the entropy of the gas is therefore 


= £4 Rg + F,V,+F,.V,) df. 
2 
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Adding the derivatives of S; and S2, and then putting (for small 7) T, ~ T,= T, we 
finally have as the rate of change of the total entropy of the system 


$= [ [B+ 4 Fake ree Ft laf (15.5) 


We take as the quantities X,, X2, X3,X4 in the general formulation of Onsager’s 
principle (§9) respectively g, F, and the two components of the vector F; at any 
given point on the surface of the body. To find the corresponding quantities X,, we 
compare (15.5) with the general expression (9.3) for the rate of change of the 
entropy, and see that X,, X2, X3, X4 are respectively ~7/T’, —V,/T and the two 
components of the vector —V,/T at the same point. The kinetic coefficients (i.e. 
those in the relations (9.1)) are 


n=aT’, yo=8T, 33 = ye= OT, 
¥12 = BT, yz = yT’. 


The symmetry yi2= ya thus gives the required relation: 


B= yT. (15.6) 


Moreover, from the condition that the quadratic form (9.3) is positive (S > 0). we 
have the inequalities a, B, @ >0 already mentioned, and also the inequality 


Tad > B’. 


To calculate the coefficients in (15.4), we need to know the specific form of the 
law of scattering of gas molecules by the surface of the body, expressed by the 
function w(I", 1) defined above. As an example, let us derive a formula which in 
principle allows a to be calculated. 

The energy flux from the gas to the body is given by the integral 


ge | (c —e)Jv,wit", Pfr) at a", (15.7) 


taken over the ranges v, <0, v, >0, since an amount of energy e — e' is transferred 
to the wall at each collision of a molecule with the wall. 

Let us transform this expression by means of the principle of detailed balancing, 
according to which, in equilibrium, the number of transitions f>f" in the scatter- 
ing of molecules by the wall is equal to the number of transitions [’7 >". This 
means that 


weet Dyfed exp(#—* 5 <) = wit, I?) [es] exp(# =); (15.8) 


in equilibrium, the temperatures of the gas and the wall are equal. 
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In (15.7) we rename the variables of integration: f>1'T, [+f Half the sum of 
the two resulting expressions gives 


q =5| (- eJe"™L w(I", Pv, |e -dT2 _ w(t, rT yotfee!72] dvdal. 


Lastly, substituting w(f',f'") from (15.8) and then expanding the integrand in 
powers of the small difference 7 = T,— T,, we find that q = az, where 
pw — €(f) 


a= saa | (e-eVedw(l, Nexr(P) dr ar (<0, vf> 0; 15.9) 


the subscript is omitted from the temperature T; ~ T>. 

The distribution function for molecules scattered from the wall depends on the 
specific nature of their interaction with the wall. There is said to be complete 
accommodation if the molecules reflected from each surface element of the body 
have (whatever the magnitude and direction of their velocity before the impact) the 
same distribution as in a beam leaving a small aperture in a vessel containing gas at 
a temperature equal to that of the body. Thus, with complete accommodation, the gas 
scattered by the wall reaches thermal equilibrium with it. The values of the 
coefficients in (15.4) may reasonably be compared with those for complete ac- 
commodation. In particular, energy exchange between the gas molecules and the 
solid wall is usually described by the accommodation coefficient, defined as the 
ratio ajay, where ay corresponds to complete accommodation. In actual cases, 
complete accommodation is not usually achieved, and the accommodation coefficient 
is less than unity. 

The fact that ay is in fact the greatest possible value is easily shown as follows. 
Let us view the entropy S in (15.5) somewhat differently: not as the total entropy 
of the body and the gas together, but as the entropy of the body together with just 
the gas molecules that reach the surface of the body in a time At. For this system, 
reflection of the molecules with complete accommodation denotes a transition to a 
state of complete equilibrium, and its entropy therefore takes the maximum 
possible value. Accordingly, the change of entropy AS = SAt accompanying this 
transition will also be a maximum.t That is, for complete accommodation the 
quadratic form (9.3) must be a maximum for any given values of the X, (1.e. of 7, 
V, and V,). Denoting the corresponding values of the coefficients ya, by the suffix 
zero, we Can write this condition as 


wo 924 Po BI 7V, 4208 Ve +e 8 V?>0. 
From this, there follow the inequalities 
ap>a, b>68 O>0, 
(15.10) 


T (ay — a)(5p— 5) > (Bo— BY’. 


tImportant points in this argument are that the body (which acts as a “‘heat reservoir’) may be 
regarded as in equilibrium throughout the process, and that the entropy of an ideal gas depends only on 
the distribution law for its molecules. not on the law of interaction between them. 
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Let us consider the outflow of a highly rarefied gas from a small orifice with 
linear dimensions L. In the limit I/L> 1, this process is a very simple one. The 
molecules will leave the vessel independently, forming a molecular beam in which 
each molecule moves at the speed with which it reached the orifice. The number of 
molecules leaving the orifice per unit time is equal to the number of collisions per 
unit time between molecules and a surface with area s equal to that of the orifice. 
The number of collisions per unit wall area is P/(2amT)'", where P is the gas 
pressure and m the mass of a molecule; see SP 1, §39. Thus the mass of gas 
leaving per unit time is 


Q = sPV(ni/2nT). (15.11) 


If two vessels containing gas are joined by an orifice, for |< L in mechanical 
equilibrium the pressures P, and P, of the gases in the two vessels are equal, 
whatever their temperatures T, and T2. If 1>L, the condition of n-echanical 
equilibrium is that the numbers of molecules passing through the ouifice in each 
direction are equal. By (15.11), this gives 


PVT, = PolV T>. (15.12) 


Thus the pressures of rarefied gases in two communicating vessels will be different, 
and proportional to the square roots of the temperatures (the Knudsen effect). 

So far we have discussed phenomena in a large mass of highly rarefied gas in 
equilibrium by itself. Let us now briefly consider phenomena of another type, 
where the gas itself is not in equilibrium, for instance in heat transfer between two 
solid plates heated to different temperatures and immersed in a rarefied gas, the 
distance between them being small compared with the mean free path. Molecules 
moving in the space between the plates undergo almost no collisions with one 
another; after reflection from one plate, they move freely until they strike the 
other. When scattered by the hotter plate, the molecules gain some erergy from it, 
and then transfer some of their energy to the cooler plate when they reach it. The 
heat transfer mechanism in this case thus differs essentially from that of ordinary 
Conduction in a non-rarefied gas. It may be described by a heat transfer coefficient 
k, defined (by analogy with the ordinary conductivity) so that 


q=«(T2-— T)I/L, (15.13) 


where q is the amount of heat transferred per unit area of the plates per unit time, 
T, and T2 the temperatures of the plates and L the distance between them. The 
value of x may be estimated in order of magnitude by means of (7.10). Since 
Collisions between molecules are now replaced by collisions of molecules with the 


Plates, the mean free path | must be replaced by the distance L between the plates. 
Thus 


k ~ LiN ~ PL/V(mT). (15.14) 


The heat transfer coefficient in a highly rarefied gas is proportional to the pressure, 
In Contrast to the conductivity of a non-rarefied gas, which is independent of the 
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pressure. It should be emphasized, however, that « here is not a property of the gas 
alone: it depends also on the specific conditions of the problem, namely the 
distance L between the plates. 

A similar effect is the ‘‘viscosity” of a highly rarefied gas, which occurs, for 
example, in the relative motion of two plates in it (again with L <1). The viscosity 
coefficient 7 must here be defined so that 


F=7V/L, (15.15) 


where F is the friction force per unit area on the moving plate and V the relative 
speed of the plates. Replacing the mean free path | in (8.11) by the distance L, we 
have 


4 ~ miNL ~ LP V(m/T), (15.16) 


i.e. the viscosity of a rarefied gas is likewise proportional to the pressure. 


PROBLEMS 
PROBLEM I. At the initial instant | =0, a gas occupies the half-space x <0. Neglecting collisions, 
determine the density distribution at subsequent instants. 
SOLUTION, If collisions are neglected, the transport equation reduces to 
affat +v. aflar =0, 
the general solution being f = f(r — vl, v). With the given inittal condition, we have 
fo=folv) for vw, >xil, f=0 for 2, <x/l, 


where fo is the Maxwellian distribution. The gas density is 


Nax={ | [, folv)m? doy dvy de, 
—% £ Jxit 


=1 No ~o(% Vi)} 


4 £ 
P(E) == f e” dy, 


and No is the initial density. Since collisions have been neglecied, these formulae are actually valid only 
in the range [x|<L 

PROBLEM 2, Determine the force acting on a Sphere of radius R moving in a rareficd gas with 
velocity V. 

SOLUTION. The total resistance to the motion of the sphere is 


where 


F = ~- (4n/3)VR(5 + 26). 


PROBLEM 3. Determine the specd of movement. in a rarefied gas, of a light plane disc whose sides are 
heated to different temperatures T; and T2. 

SOLUTION. The speed V of the disc (in the direction perpendicular to its plane) is found from the 
condition that the total forces acting on the two sides of zero. It moves with the cooler side forwards at a 
speed given (when T2> 71) by 


V = y(T2- T1)/28. 
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PROBLEM 4. Calculate the value ap of the coefficient « corresponding to complete accommodation. 

SOLUTION. The amount of energy contributed per unit time by molecules colliding with unit area of 
the surface of a body is f f2txe dl’, where f2 is the Boltzmann distribution function with the temperature 
Tz of the gas, € is the energy of a molecule and the x-axis is perpendicular to the surface. The amount of 
energy carried away by the same molecules is found (in the case of complete accommodation) simply by 
replacing T2 by the temperature T; of the body. The heat flux is 


q = | (f2—- fidev, dT, 


the integration over v, being from 0 to x. The energy of the molecule is written aS € = éim + 3mv’, where 
éim is the internal energy. The value given by calculation for each integral is 


{ fev. dU = v(ea+.2T) = (6 4 ET) = vT(a +4), 


where € = c.T is the mean energy of a molecule and vy = P/V(2amT) the number of molecules striking 
unit area of the surface per unit time. The heat g is equal to the difference between the energies of the 
molecules arriving and leaving in equal numbers, i.e. for the same v. The value obtained for the 
coefficient in g = a(T2— Ti) is 


eee i fd hy 
20 = amt) C. +2)3 


the difference T2— Ti is assumed small, and so we put T1 = T2= T. 

PROBLEM 5. The same as Problem 4, but for the coefficients B and +. 

SOLUTION. The normal component of the momentum contributed per unit time by the molecules 
striking unit area of the surface of the body is half the gas pressure. Expressing the pressure in terms of 
v, we have 


SP = pV (harm T). 


The difference between the values of this quantity at the temperature T, and T> for the same pv gives the 
additional force F, caused by the temperature difference. If T:— T) is small, we find 


yo= PI4T. 


For £, in accordance with (15.6), Bu = P/4. 

PROBLEM 6. The same aS Problem 4, but for the coefficients 5 and 0. 

SOLUTION. We take coordinates in which the body is at rest and the gas moves with velocity V. the 
x-axis being normal to the surface and the xy-plane containing V The distribution function in these 
coordinates is 


€ ini m 2 2 2 
f = constant x exp|- Sa [(v. — Vi)" + (u, — VyS +b: i} 


With complete accommodation, the reflected moleculcs have a distribution function with V =0: 7 is 
assumed to be zero. 


To calculate the tangential force F,, we put V; =0. The total y-component of momentum contributed 
by molecules reaching the surface of the body is 


| mo,v.f dt = mV, fos dl =mV,», 


the integration over v, being always from 0 to «. The y-component of momentum carried away by these 
molecules is zero. Thus Fy = mvVy, and so 


Go = vm = PV (m/2nT). 
Now let V,#0, V, =0. As far as the first order in Vx we have 


f = fot Vs(mvJdT fo, 


64 Kinetic Theory of Gases 


where fo is the distribution function with V = 0. The number of molecules colliding with unit area of the 
surface per unit time is 


_ = 5 SP PVs 
=| fuaP= aha OT 


The x-component of momentum contributed by these molecules is 
| mocf dl =2P + PV.V(2m/ nT). 


The molecules reflected from the bounding surface have the distribution function with V, =0, nor- 
malized so that the integral f fue df is equal to the number v of incident molecules determined above. 
The x-component of momentum carried away by these molecules is 


—wV (QamT) = —3P —}PVsV (am/]2T). 


The normal force additional to the pressure is F, = 60Vx, where 
im 1 1 
= P yf (2 + 41) = 300(4 + 77). 
50 = P Va (2 + 277) = 200(4 + 77), 


PROBLEM 7. Assu ming complete accommodation, determine the temperature of a plate moving in its 
own plane with speed V in a rarefied gas. 

SOLUTION. Proceeding as in Problem 4, we have for the energy contributed v(c.T2 + $T2+2mV?), anid 
for that carried away vT(C. +2). Equating these gives 


Ti— T2= mV? {(2ce + 1). 


PROBLEM 8. Determine the quantity of gas flowing per unit time through the cross-section of a 
cylindrical tube of radius R as a result of pressure and temperature gradients. The gas is So rarefied that 
the mean free path 1» R.t There is complete accommodation in collisions of molecules with the tube 
walls. 

SOLUTION. The speed distribution of the molecules refiected from the wall with complete accom- 
modation is v,f d° P, where f is the Maxwellian distribution function and the x-axis is perpendicular to 
the surface. If 3 is the angle between the velocity of a molecule and the x-axis, we find that the 
distribution of the reflected molecules with respect to their directions of motion (whatever their speed) 
is 

(v/ 7) cos 8 do, 


this function being normalized so as to give v on integration over all solid angles on one side of the 
plane. 

We take the z-axis along the axis of the tube, and the origin in the cross-section considered. 
Molecules last reflected from various parts of the tube surface pass through this cross-section. Of those 
Scattered by an element df of the wall surface at a distance z, the ones that pass through the 
cross-section concerned are those reflected in directions lying in the solid angle subtended by this 
cross-section at the relevant point on the surface of the tube; their number is thus df. v f cos 8 dolz, 
with integration over the angle range mentioned. 

This integral is evidently the same for all points lying at the same distance from the cross-section 
concerned. The total number of molecules passing through this cross-section per unit time is therefore 
obtained by replacing df by the annular surface element 27R dz and integrating along the whole length 
of the tube; multiplying also by the mass m of a molecule, we get the mass flow rate of the gas through a 


cross-section of the tube: 
=2mR { o( | cos 3 do) dz. 


The number »v, being a function of pressure and temperature, varies along the tube. If the lengthwise 
gradients of pressure and temperature are not too great, we can write 


v(z) = v(0) + z[ def dz]z=0. 


tGas flow of this type is called free-molecular flow. 
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The integral containing v(0) is evidently zero, and so 
Q =2nR[dv]dz]--0 | i; z cos 0 do dz. 


To carry out the integration, we take coordinates r and ¢ in the plane of the cross-section considered, 
r being the distance of a vanable point A” from a fixed point O on the circumference of the 
cross-section, and y the angle between OA‘ and the radius of the cross-section (Fig. 3). A molecule 
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reflected from the wall at a point A on the same generator as O and then passing through A‘ must have a 
velocity at an angle 9 to the normal to the tube surface at A such that 


rcos p 


st= 3 
cos1 Vrerd 
The solid-angle element may be written 


d _rdrdy z 


the area r dr dy is projected on the plane perpendicular to the line AA’, and the result is divided by the 
Square of the length of that line. The integration is carried over the region —$n <p <)7, O<rs 
2R cos y, —~™<z <~™, and the result is 


Q = (8nR*]3)dvf dz. 


Finally, putting y = P/V(2amT). we obtain 


_ 4nR? P2 Pi 
Cap Veenm( 7-7), 


where the difference in parentheses is between the values of P/V T over a length L of the tube; the 
replacement of the derivative by the difference is allowable because Q, and therefore this derivative, are 
Constant along the tube. 

PROBLEM 9. Assuming complete accommodation, find the frictional force between two solid planes at 
a distance apart L <1, moving at relative speed V and having temperatures T) and T2. 

SOLUTION, Let plane | (at temperature Tj) be at rest, and plane 2 be moving at speed V in the 
x-direction, and let the y-direction be from plane | to plane 2. Molecules with speeds vy >0 and vy <0 


are reflected from planes | and 2 respectively; with complete accommodation, their distribution functions 
are 


f= 2Ni X (-2E fe 
QamTy oP aa or vy >, 


f = Nt ex (-new) f < 
(QnmTy™ oXP IT: Or (Ree 
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where N, and N?2 are the corresponding number densities of particles; the total density N = Ni+ No. 
The condition of zero total flux in the y-direction gives 


NiV T, = NoV To. 


A pressure P = NiTi + N2T2 acts on each plane, and the frictional force per unit area is 


F,=—-F\= av | vyf d’p 
v>0 


= VNoV (2m Tal 77) 
= VNV (2enf] 1) TiT2) (Ti? + T2'), 


If Ti = T,=T, then 
F.=-— Fi= VPV(mi2nT). 


in agreement with (15.15) and (15.16). 

PROBLEM 10. AsSuming complete accommodation, determine the heat transfer coefficient x between 
two plates with almost equal temperatures T; and T2. 

SOLUTION. With complete accommodation, the molecules incident on plate 1 have an equilibrium 
distribution with temperature T:. The energy flux from plate | to plate 2 is therefore g = ao(T2— T1). 
Taking ao from Problem 4 and determining x from (15.13), we find 


= ool = (c+) 
aS ee (QminT) °° a 


in accordance with the estimate (15.14). 

PROBI.EM 11. Determine the gas density on the axis behind a circular disc of radius R <1, moving in 
a gas with a velocity —V much greater than the mean thermal speed vr of the atoms. 

SOLUTION. When V > vr, the particles reflected from the rear surface of the disc are unimportant 
(except for a narrow region near that surface; see below). The problem is a matter of the “shadow” of 
the disc in the incident flow. In coordinates for which the disc is at rest (and the gas is moving with 
velocity V), in the absence of the disc the distribution function would be 


ie No {- ae 
fo v ~QamTy= a) . 


In the presence of the disc, the number density of gas particles on the z-axis (Fig. 4) is 
N(z)=27 [ { folv)p’ sin 3 dd dp. 
0 Ja 


where @ is the angle between v and the z-axis, and &o the angle subtended by the radius of the disc at 
the point of observation on the z-axis (tan 8o= R/z; particles with &< 8» are cut off by the disc). 
Integration, with the condition V > vr, gives 


_Nofim Mes 6% _m - 2 2:2 } 
N=" (5) f exp 97 le V cos 8a) + V* sin’ Go] pv dv 


2 
= No Cos Bo exp{—- a sin’ oo} 


=N, Zz ey {-" 2 R? } 
“R42 OP OF Rey 


where No is the gas density far from the disc. The integration over dp is carried out with the assumption 
that cos 89> v7/V; it can be shown that this inequality is also the condition for particles reflected from 
the rear face to be negligible. 
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§16. Dynamical derivation of the transport equation 


Although the derivation of the transport equation given in §3 is satisfactory from 
the physical point of view, there is considerable interest in ascertaining how the 
equation can be derived analytically from the mathematical formalism of the 
theory, i.e. from the equations of motion of the gas particles. Such a derivation has 
been given by N. N. Bogolyubov (1946). The value of the method lies also in the 
fact that it affords a regular procedure for deriving in principle not only the 
Boltzmann equation but also the corrections to it, ie. the terms of higher orders in 
the small ‘‘gaseousness parameter”—the ratio (d/r)’, where d is the molecular 
dimension (range of action of molecular forces) and ¢ the mean distance between 
the molecules. The derivation given below relates to a monatomic gas in purely 
classical terms, i.e. on the assumption that not only free motion but also collisions 
of the gas particles are describable by classical mechanics. 

We start from Liouville’s theorem regarding the distribution function for the gas 
as a whole, aS a system of N particles. This function, in 6.V-dimensional phase 
space, is denoted by f(t, 7, 7,....7), where 7, is the set of coordinates and 
momentum components for the ath particle: 7, = (ra, Pa). The function is assumed 
normalized to unity: 


[rere Tip T2,-.-> TH) dT,...dt¢=1, dia = d’xad*pe 


The “one-particle” distribution function which appears in the Boltzmann equation 
is obtained by integrating f*? over all dz, but one: 


ft, 7) = | fdr... dry: (16.1) 


the function f" also is normalized to unity, and we shall retain the notation f 
(without superscript) for the distribution function normalized to the total number of 
particles: f = Nf. 

It has been noted in SP 1, §3, that Liouville’s theorem arises as a consequence 
of the equation of continuity in phase space which must be satisfied by the 
distribution function for a closed system: 


(A) A : 
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With Hamilton’s equations 


ta = dH/dp,, pa = — OH/dr, (16.3) 
this gives 
af) N (a. ; af™ . } af 
cof EA pe ee = = 16.4 
at +2 aVg roe a Pu Pe dt os ( 


where the rz =v, and p, are assumed to be expressed in terms of 7,,72,... by 
means of equations (16.3). Equation (16.4) expresses the content of Liouville’s 
theorem. 

We write the Hamiltonian function for a monatomic gas in the form 


H=> Pa 4 > Ura — rel). (16.5) 


dan 2M 4 “Gen 


Here it is assumed that there is no external field, and that the interaction between 
the gas particles reduces to the sum of their pair interactions.{ Equation (16.4) then 
becomes 


io (—. mie ee} 0, (16.6) 
aS or, * CO pas Pea OTs 


where U,, (a¥ b) denotes U(|ra— rp|). 

Let us now integrate this equation over dt,... dry. Then, of all the terms in the 
sum in (16.6), only those remain which involve differentiation with respect to p,; or 
r;; the integrals of the other terms are transformed into integrals over infinite 
surfaces in momentum or coordinate space, and are zero. Thus we have 


aft, 71) ree af X(t, 71) ae, | dU y ? afeXt, TI, 7) 
or 


at I on ap, dt, (16.7) 


where f” is the two-particle distribution function normalized to unity, i.e. the 
integral 


FOC, 11, 72) = [se dr3...dt¥; (16.8) 


the factor W in (16.7) takes account of terms that differ only in the nomenclature of 
the variables of integration; strictly speaking, the number of such terms is NV —1, 
but this is very large and may be replaced by W. 

Similarly, integrating (16.6) over dz3... dt,, we obtain 


af? af?) af? aly af? aU af® 


+ 
oe ae 


af aU, af? Ua] 
= La See : 9 
N i [ api ar, + ap? ar, dt3, (16 ) 


where f(t, 71, 72, 73) is thé three-particle distribution function. 
+The latter assumption constitutes a model, but it does not affect the result in the first approximation 


(which corresponds to the Boltzmann equation): in this approximation, only pair collisions of particles 
occur, in which other (non-pair) interactions play no part. 
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Continuing in this way, we should obtain an almost infinite (VY being very large) 
sequence of equations, each expressing f™ in terms of f*". All these equations 
are exact in the sense that no assumption has been made in them as to the 
rarefaction of the gas. To obtain a closed set of equations, the series has to be 
terminated in some way by making use of the condition that the gas is rarefied. In 
particular, the first approximation in this method corresponds to terminating the 
series already at the first equation, (16.7), in which the two-particle function f@ is 
expressed approximately in terms of f‘”. This is done by using the rarcfaction of 
the gas. by means of equation (16.9). 

Returning to this equation, we shall first of all show that the integral on the 
right-hand side is small. The function U(r) is noticeably different from zero only 
within the range of action of the forces, Le. when r = d. Hence, in both parts of the 
integral in (16.9), the integrations over coordinates are in practice ony over the 
region |r;—1r,|<d or |r;—1r.|Sd, Le. over a volume ~ d*. Since in an integration 
over the whole volume of the gas, /~.Ar°, we should have f fdz; =f, we 
obtain the estimate 


oe aU yg  2U(r) af d? 
J op @ny °° | ak Op 


From this we see that the right-hand side of (16.9) is small in the ratio (d/7)’ relative 
to the terms containing dU/dr on the left-hand side, and may therefore be 
neglected. The terms on the left constitute the total derivative df@/dt, in which rj, 
lt, Pi, p2 are regarded as functions of time which satisfy the equations of motion 
(16.3) with the two-body Hamiltonian 


Pr, Pr 
H a een U(r; — rd). 


Thus we have 


df(t, +1, 7)/dt =0. (16.10) 


So far, all the transformations of the equations have been purely mechanical 
ones. To derive the transport equation, of course, some statistical assumption is 
also necessary. This may be formulated as the statistical independence of each 
pair of colliding particles, which has essentially been assumed in deriving the 
transport equation in §3 (where the collision probability was written in the form (2.1), 
Proportional to the product ff,). In the method under consideration, this statement 
acts as the initial condition for the differential equation (16.10). It creates the 
asymmetry in relation to the two directions of time, and as a result the irrevci sible 
transport equation is derived from the equations of mechanics invariant under time 
reversal. The correlation between the positions and the momenta of the gas 
Parttcles arises only as a result of their collisions and extends to distances 
~d. Thus the assumption of the statistical independence of colliding particles is 
also the source of the fundamental limitations as regards the distances and time 
intervals allowed by the transport equation, already discussed in §3. 


PR wee 
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Let to be some instant before the collision, when the two particles are stil far 
apart ([rio— rol d, where the suffix zero denotes the values of quantities at that 
instant). The statistical independence of colliding particles means that at such an 
instant fo the two-particle distribution function is the product of two one-particle 
functions f". Hence the integration of (16.10) from to to tf gives 


fC, 71. 2) = fF (tos Tod f (to, 720). (16.11) 


Here t,o = (ros Pio) and 720 = (120, Px) are to be understood as those values of the 
coordinates and momenta which the particles must have at the instant fo in order to 
acquire the necessary values 7; =(r,p;) and 72= (1, p2) at the instant ft; in this 
sense, To and 72 are functions of 7), 72 and t — to (only ry and ry depend on t — fo; 
the values of pjo and py relate to particles moving freely before the collision, and 
do not depend on the choice of t — fo). 

Let us now return to (16.7), which is to become the transport equation. The 
Jeft-hand side already has the required form; we shall now be concerned with the 
integral on the right, which is ultimately to become the collision integral in the 
Boltzmann equation. Substituting in this integral f™ from (16.11) and changing on 
both sides from f to f = Nf", we write 


of(t, my oa) “0 
at arya ie = C(f), 


where 


_ f Up. 


C(f) = ae ip, ito T 10) f (to, T2)} dt. (16. 12) 


Only the range |r, — r,| ~ d, i.e. the region in which the collision occurs, is important 
in the integral (16.12). In this range, however, we can neglect (in the first ap- 
proximation, which is being considered here) the coordinate dependence of f, 
which varies appreciably only over distances L, the characteristic dimensions of 
the problem, which are certainly large in comparison with d. The final form of the 
collision integral will therefore be unaltered if, in order to simplify somewhat the 
analysis and the formulae, we take the case of spatial homogeneity, i.e. assume that 
f is independent of the coordinates. It may be noted immediately that the explicit time 
dependence through rjo(t) and ro(t) then disappcars from the functions f(t, pio) and 
f (to, P20). 

We can transform the integrand in (16.12) by using the fact that the expression in 
the braces is an integral of the motion (and appeared as such in (16.11)); in- 
dependently of this, it is obvious that pjo and po, the values of the momenta at a 
fixed instant fo, are by definition integrals of the motion. Using also the fact 
mentioned above that they contain no explicit dependence on the time t, we have 


- f (tos Pio) f (to, P20) 


re) re) 0 ) 
Pe iam gil a OND pO ads £8 2 Po) =0. (16.13 
(v, + v2 a GE Op oe a f (to, Pio) f (tos Pao) = 9. (16.13) 
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From this, we express the derivative with respect to p; in terms of those with 
respect to rj, r and p,, and substitute in (16.12). The term containing the derivative 
alap2 disappears when the integral is transformed to a surface integral in momen- 
tum space. We then find 


C(f(t pi) = li Vret * aff (to, Prof (to, P20)} d°x d*p2, (16.14) 


with the relative velocity of the particles Vy = V1 — V2, taking into account the fact 
that pio and pp (and therefore the whole expression in the braces) depend on r,; and 
r only through the difference r=r,—r2. Replacing r = (x, y, z) by cylindrical polar 
coordinates z, p, e with the z-axis along v,., we have v,4.0/Ar = v;«0/dz, and the 
integration over dz converts (16.14) intot 


C(f(t, pi) = i Lf (to, Pw) f (to, P20) 13= 22. dp dy d*po. (16.15) 


We now use the fact that pio and py are the initial (at time t)) momenta of 
particles which at the final instant t have momenta p, and p>. If at the final instant 
z7=2—-2=—®%, it is clear that at the initial instant the particles were ‘even 
further” apart, i.e. there has been no collision. In this case, therefore, the initial and 
final momenta are the same: 


Po=Pi, Po=P2 for z=—-«&. 


If z= +, pyo and px act as the initial momenta for the collision which gives the 
particles momenta Pp, and p2; in this case, we write 


Po=Pilp), Po=pp) for z=+=. 


These are functions of the coordinate p, which acts as the impact parameter for the 
collision. The product 


pdpdg = do 


is the classical collision cross-section. 

Lastly, it is to be noted that the explicit dependence of the functions f(to, pyo) and 
f (to, pro) On to can be replaced in this approximation by a similar dependence on t. 
The validity of (16.11) requires only the inequality t — tp > d/v to be satisfied: at the 
instant fo, the distance between the particles must be large in comparison with the 
range d of the forces. The difference t — to, however, may be so chosen as to 
satisfy also the condition t — to <I/i, where | is the mean free path; the ratio I/v, 
which is the mean free time, is just the characteristic quantity that determines the 


The limits z = + » are to be understood as distances large compared with d, but small compared with the 
mean free path {; if they were taken literally, the result would be zero, since f =0 outside the region 
occupied by the gas. This has arisen because in going from (16.12) to (16.14) we used equation (16.13), which 
is valid only until the particles in question undergo their next collisions. 
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periods of possible time variation of the distribution function. The change in this 
function during the time t — ty will then be relatively small and may be neglected. 
From these considerations, we obtain the final form of the integral (16.15): 


CU (t, Pi) = | {f(t, pif (t, p2) oa f(t. PdF(t P2)} Bret do dp, (16.16) 


which agrees with the Boltzmann collision integral (3.9). 


§17. The transport equation including three-particle collisions 


To find the first correction terms to the Boltzmann equation, we must go back to 
the points in §16 where terms were neglected, and increase the accuracy of the 
calculations by one further order of magnitude relative to the gasSeousness 
parameter. First of all, terms containing the triple correlation f® were omitted in 
(16.9), and three-atom collisions were thereby left out of consideration. Moreover, 
in converting the collision integral (16.12) to the final form (16.16), we neglected the 
variation of the distribution function over distances ~ d and times ~ d/d; the pair 
collisions were thereby regarded as ‘‘local”’ events occurring at a single point. We 
must now take both these corrections into account: three-particle collisions, and 
the ‘“‘non-localness”’ of pair collisions. 

In the first approximation, the sequence of equations was terminated at the 
second equation, which relates f® and f®. In the second approximation, we must 
go to the third equation, which relates f® and f, omitting the f terms in the same 
way as the f® terms were omitted in (16.9) in the first approximation. The equation 
then becomes 


df(t, 71, 72, 73)/dt = 0, (17.1) 


corresponding to the earlier equation (16.10) for fs; the variables 7, 72, 73 in (17-1) 
are assumed to vary with time according to the equations of motion in the 
three-body problem; a pair interaction between particles is again assumed.{ With 
the statistical independence of the particles before the collision, the solution of 
(17.1) is 


FOUL, 71, 72, 73) = Flo, Tio) f (to, T20)f (to, 730). (17.2) 


The quantities fo, 729 (@ = 1,2,3) here have the same sense as in (16.11); t0= 
Ta(t, to, T1, T2, T3) are the values of the coordinates and momenta which the particles 
must have at the instant f in order to reach the specified points 71, 72, 73 in phase 
Space at the instant t. The only difference from (16.11) is that tao = (rao, Pao) ate NOW 


tIn contrast to the first approximation (cf. the first footnote to § 16), this assumption now places some 
limitations on the generality of the treatment, since in three-body collisions there Could be an effect of 
three-body interactions, f.e. terms of the form U(r2— ri, rs— ri) in the Hamiltonian, which do not reduce 
to pair interactions. 
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the initial Coordinates and momenta in a three-body problem, which will be 
supposed solved in principle. 

To write down and transform the subsequent formulae, it is convenient to define an 
operator S123 whose effect on a function of the variables 7), 72, 73 (pertaining to the 
three particles in the three-body problem) is to change these variables according to 


Tq Tq = Yao + (paolm Kt _ to), 
: (17.3) 
Pa > Pa = Pao- 


Similarly, the operator Sz will make this change in functions of the variables 7, and 
7, which pertain to the two particles in the two-body problem. An important 
property of the transformation (17.3) is that for times t — t9> d/b it is no longer 
time-dependent: for such t — fo, the particles are far apart and move freely with 
constant velocities Vao= pas/m, the values of the rao vary with time as constant 
—Vao(t — to), and the time dependence in (17.3) disappears. Moreover, if there were 
no interaction between the particles, the transformation (17.3) would reduce to an 
identity: in motion that 1s free at all times, the right-hand sides are identically equal 
to the left-hand sides. For the same reason, if one of the particles, say particle 1, 
does not interact with particles 2 and 3, then Si3= Sas: the operators Sp and Si; 
then reduce to unity. It is therefore evident that the operator 


Ga= Si3- Si2- Si3- S42 (17.4) 


is zero if any one of the three particles does not interact with the other two, i.e. this 
operator separates from the functions the part that is due to the interaction of all 
three particles (whereas the three-body problem also includes, as particular cases, 
pair interactions, with the third particle in free motion). 

With the operator S123, (17.2) becomes 


FU, T1, T2, 73) = Sif Xt, to, rif Ut, to, rf M(t, to, 73), (17.5) 
where 


AC to, t) = fo, r— p(t ~ to)/m, Pp); (17.6) 
the shift of the argument r in f compensates that due to the operator Suse 
The two-particle distribution f is obtained by integrating the function f® with 


respect to the variables 73, and integration with respect to 1, and 73; gives the 
distribution function f": 


ft, 11, 72) = [ro T1, 72, 73) d73, (17.7) 


f%Ct, 7) = [re 71, T2, 73) dT2 dT3. (17.8) 


tn practice, of course, an analytical solution of the three-body problem can be given onlv in a few 
Cases such as that of hard spheres. 
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The object of the subsequent calculation is to eliminate f' from these two 
equations, with f® from (17.5), and so express f® with the necessary accuracy in 
terms of f". Then, substituting this expression in (16.7), which is itself exact, we 
alrive at the transport equation sought. 

To carry out this programme, we first of all transform the integral (17.8), 
expressing the operator §,23 in (17.5) in terms of Gy; by (17.4). With the equations 


Fixe to, tT) dv = [ Co, t)d7=1, 
| Sof "Ct, to, af X(t, to, 72) dt, d72= 1, 


which are obvious from the conservation of the total number of molecules, we 
obtain 


FOC, 71) = FOC to, 71) +2 | {((Si2— DFO, to. t F(t, to, tr) }d72 
+ | {Giof Ct, to, af X(t, to, af X(t, to, T3)} dtz d73. (17.9) 


This equation can be solved for f'" by successive approximation, bearing in mind 
that Sp2- 1 is of the first order of smallness, and Gy, of the second order; compare 
the estimate of the right-hand side of (16.9). In the zero-order approximation, 
FCC, to. 7) = f(t, 71). In the next two approximations, 


FCC, to, 1) = Ft, 7) — 2 i {((Si2- DFC, FOC, t)}dz2 


ra | {Gros = A(Sy2 = (Sis + Sa- fF Kt, FOC, T) ft, 73)} drz 


It now remains to substitute this expression in (17.5) and then in (17.7), retaining 
only the terms that are not above the second order of smallness, ~ (S,»—1)* or 
~ Gy;. The final result is 


FOX, 71, 7) = Sof Ct, a) f(t, 72) + | {Riasf Ut, Tf Ot, T2)F Ct, 73)} dos, (17.10) 
where 
Ry3= $13 — $283— S$ + Sx. (17.11) 


It should be emphasized that the order of the S operators in their products is 
significant. The operator $1282, for example, first changes the variables 7, 72, 73> 
71, 72(72, 73), 73(72, 73), the functions 72, 3(72, 73) being determined from the equations 
of motion of the interacting particles 2 and 3; the variables 71, 7,73; are then 
subjected to the transformation 7, 72,73;—>7;(71, 72), 72(71, 72), 73, where now the 
functions 71,2(7;,72) are determined by the problem of the motion of a pair of 
interacting particles | and 2. 
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Next, substituting (17.10) in (16.7) and changing everywhere from the functions 
f to f = ANF, we have the transport equation in the formt 


ue 71) as ie) = Cf) + COP), (17.12) 
where 
COEF 11) = [ oe a {Syof (t, rf (t, 72)} dar, (17.13) 
l U, s 
CF (t, T1)) = ral = . ip; tRinflt 71) f ( t, To) f(t, 73)} dt, d73. (17. 14) 


The first of these is the pair collision integral, and the second is the three-body 
collision integral. Let us consider their structure in more detail. 

In both integrals, the integrands involve functions f taken at different points in 
space. In the pair collision integral, the effect of this “‘non-localness” is to be 
separated as a correction to the ordinary (Boltzmann) integral. To do so, we expand 
the functions f, which vary only slowly (over distances ~d), in powers of m— 1). 

Since these functions in the integrand are preceded by the operator Sp, let us 
first consider the quantities $,.r, and S,.r. into which that operator transforms the 
variables r,; and r>. The centre of mass 3(r1 + r2) of the two particles moves 
uniformly in the two-body problem; the operator §,. therefore leaves this sum 
unchanged. We can thus write 


Siar = SG(r1 +m) +2001 - m2) 
=r, +4 — 1) — 3S )207- 1), 
Siar = ry +r — 11) +38 2602 — 1). 
Now, expanding the functions 
Sif (t, ry, pr) = f(t, Sirs, pro), 
Sof (t, m2, p2) = f(t, Sir, P20) 


in powers of r.—r, as far as the first-order terms, we obtain 


COP) = CMF) + CCA), (17.15) 
where 
Q) _fdaUp a 
CoC (t, m1, pi) = [= -=—{f(t, nr, pdf (t, 02, pro} dz, (17.16) 
ry Opi 
aUn a 


Cif (t, r), pi) = : nae {(r —r) Ht V1, po) f(t, 2, Pro) 
0 . 
+ [Fc T1, Pio) ar, ft Yi, poo) — f(t, r1, pro) 5 ft ni, pu) - Spr - r)} d7; 


(17.17) 
the differentiation with respect to r, is taken at Constant pjo OF py. 


tThe way to derive the correction tcrms to the Boltzmann equalion was pointed oul by N. N. 
Bogolyubov (1946). These terms were first brought to their final form by M. S. Green (1956). 
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The integral (17.16) is the same as (16.12);+ it has been shown in $16 how this 
integral is reducible to the ordinary Boltzmann form by carrying out one of the 
three integrations with respect to spatial coordinates. 

Let us now consider the three-body collision integral (17.14). To include ‘non- 
localness”’ in this integral would be to go beyond the assumed accuracy, since the 
integral itself is a small correction. Hence, in the arguments of the three functions 
f, all the radius vectors r;,1,1r; are to be taken as the same r,, and moreover we 
must assume that the operator R23 does not act on these variables at all:t 


Ctr PD) = 5 | GP gy Rink (tore pdf (tor pdf (en pd} dre drs, (17.18) 


Let us next examine in somewhat more detail the structure of the operator R y3, in 
order to elucidate the nature of the collision processes covered by the integral 
(17.18). 

First of all, the operator Rjp;, like Gy; in (17.4), is zero if any one of the three 
particles does not interact with the others. However, the processes for which 
Ry, #0 include not only three-body collisions in the literal sense, but also com- 
binations of several pair collisions. 

In genuine three-body collisions, three particles come simultaneously into the 
“sphere of interaction”, as shown diagrammatically in Fig. 5a, But the operator Rj; 
is also different from zero for “three-body interactions” which consist of three 
successive pair collisions, one pair colliding twice; Fig. 5b shows diagrammatically 
an example of such a process, for which Si=t, so that Ry; = 8p3— $803.8 
Moreover, the operator Rj; also takes account of cases where one (or more) of the 
three collisions is “imaginary”, i.e. occurs only if the influence of one of the real 
collisions on the path of the particles is ignored. An example is shown in Fig. Sc, 


(a) (b) (c) 


Fig. 5. 


tlt differs in thal tp ts replaced by 1 in the arguments of the functions f, bul the right-hand equation 
(16.13) is then still valid, since the dependences on ri, r2, Pi, p2 enter only through pio and pro, which are 
integrals of the motion, 

tlt should be stressed, to avoid misunderstanding, that these simplifications do not imply that the 
integrand no longer depends on rz and r3; a dependence on these variables still occurs through the s 
operators. which transform the momenta Ppa inlo functions pa(ri,r2, F3, Pi. Pz, Ps). 

§The operator Riz, unlike Giz, is zero for a sequence of two Collisions. For instance, in a process 
consisting of collisions 2-3 and I-2, we should have Sia = SaSu, Sn = L, and so Rin =0. 
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where the Collision I-3 would occur only if the path of particle 3 were unaffected 
by its collision with particle 2;+ for this process, S123 = $1823 but §,;% 1, so that 
Ray = — S128)3+ Sy. 

In the same kind of way as the integral Cp” was transformed in § 16, one of the 
six integrations with respect to coordinates in the three-body collision integral can 
be carried out; the interaction potential Uj. then no longer appears explicitly in the 
formulae.¢ 


§18. The virial expansion of the kinetic coefficients 


It was shown in §§7 and 8 that the thermal conductivity and the viscosity were 
independent of the gas density (or pressure) because only pair collisions of 
molecules were taken into account. For such collisions, the collision frequency, i.e. 
the number of collisions undergone by a given molecule per unit time, is propor- 
tional to the density N, the mean free path |x I/N, and since yn and «x are 
proportional to NI they are independent of N. The values no and ky thus obtained 
are, of course, only the first terms in expansions of these quantities in powers of the 
density, called virial expansions. In the next approximation, there is already a 
density dependence in the form 


K = Ko(I + aNd’), n = nol + BNd’), (18.1) 


where d is a parameter of the order of molecular dimensions, and a and B are 
dimensionless constants. These first corrections have a twofold origin reflected in 
the correction terms C™ and C,” in the transport equation. Three-body collisions 
(whose frequency is proportional to N*) decrease the mean free path. The non- 
localness of the pair collisions makes possible a transfer of momentum and energy 
across a certain surface without its actually being crossed by the colliding particles: 
the particles approach to a distance ~ d and then separate, remaining on opposite 
sides of the surface. This effect increases the momentum and energy fluxes. 

The solution of the problem of thermal conduction or viscosity with the more 
accurate transport equation (17.12) is to be based on the procedure as already 
described in §§6-8. We seek the distribution function in the form f = fo(I + x/T), 
where fo is the local-equilibrium function, and x/T ~ I/L is a small correction. The 
three-body collision integral C™, like Co™, is zero for the function fo. We must 
therefore retain the x term in it, and so the integral C® is, relative to the 
Boltzmann integral C™, a correction of relative order ~(d/7)*. In the integral C,, 
however, which contains spatial derivatives of the distribution function, it is 
Sufficient to take f =f, and in this sense the term C,™ should be taken to the 
left-hand side of the equation, where it gives a Correction of the same relative order 
~(d/FY. Thus the two additional terms C® and C,” in the transport equation give 
Contributions of the same order.§ 

tHaving regard lo the sense of action of the S operators, we mus! follow the paths of the particles 
backwards in time. 


+The transformation is carried oul in a paper by M. S. Green (Physical Review 136, A905, 1964). 
é §This argument clears up any misapprehension which might arise because the integral Cy” contains 


Crivatives dflar ~ f1L, which are not found in C®’, as a result of which the two lerms might appear lo give 
Corrections of different orders of magnitude. 
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For reference, the results of solving the more accurate transport equation for the 
thermal conductivity and the viscosity of the gas, with the model of hard spheres 
(diameter d) are 


K = Ko(1+1.2Nd?), 1 = no(1+0.35Nd?), (18.2) 


where ko and yo are the values obtained in 810, Problem 3 (J. V. Sengers 1966). 

By making further corrections to the transport equation (arising from four-body 
collisions, etc.), it would in principle be possible to determine also the subsequent 
terms in the virial expansion of the kinetic Coefficients. It is important to note, 
however, that these terms will involve non-integral powers of N; the functions 
k(N) and 7(N) are found to be non-analytic at the point N = 0. To elucidate the 
origin of this behaviour, let us consider the Convergence of the integrals occurring 
in the theory (E. G. D. Cohen, J. R. Dorfman and J. Weinstock 1963). 

We take first the integral in (17.10), which determines the contribution of 
three-body collisions to the two-particle distribution function. The type of con- 
vergence of the integral is different for the different kinds of collision process 
covered by the operator Rj2;. Let us use as an example the process as in Fig. 5b. 

The integration is over the phase volume dz; with given phase points 7, and 7. 
As the variable in the last integration we leave the distance r; of particle 3 (at time 
t) from the point where the collision 2-3 occurred. Before this last integration, the 
integrand will contain the following factors: (1) the volume element r;’ dr; for the 
variable r3; (2) if we follow the motion of particle 3 backwards in time, it will be 
clear that the direction of its momentum p; must lie in a certain solid-angle element 
for the collision 3-2 to occur, namely the angle subtended by the region of collision 
at the distance r3, giving a factor d’/r;?; (3) another such factor arises from the 
further limitation on the possible directions of the momentum p; imposed by the 
condition that the “recoiling”’ particle 2 enters the sphere of collision with particle 
1. Thus we get an integral of the form f dr,/r;’, which is to be taken from r;~ d to 
co, and we see that it converges. Similarly, it can be shown that for collision 
processes of other types the convergence of the integral is even more rapid. 

The contribution of four-body collisions would be expressed in (17.10) by an 
integral of similar form, taken over the phase space of particles 3 and 4, again for 
given 7, and 7. 

Let us consider a four-body collision of the kind shown in Fig. 6. We leave as the 
last variable of integration the distance r; from particle 4 (at time t) to the 43 
collision point. The difference from the preceding estimate arises because the phase 
point 7; (at time t) ts not specified, unlike the point 7, in the integral corresponding 
to Fig. 5b. The position of the collision 4—3 is therefore also not fixed; it may occur 
anywhere in a cylindrical region with diameter ~d and axis along p; (shown by the 
broken lines in Fig. 6). Accordingly, the solid angle subtended by this region at a 
distance rs; is ~d/rs, instead of d’/r;’ as in the previous case. The integral is 
therefore of the form f dr,/r,, and so diverges logarithmically at the upper limit. 
Cutting off the integral at some distance A, we obtain a contribution to the function 


tThe calculations, which are exceedingly laborious, are given by Sengers in Lectures in Theoretical 
Physics, Vol. IXC, Kinetic Theory (ed. by W. E. Brittin), Gordon & Breach, New York, 1967. 
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I 2 3 4 


Fic. 6. 


f® which contains the large logarithm log(A/d). This logarithm appears cor- 
respondingly in the correction to the transport coefficients. which is proportional not 
to (Nd?y" but to (Nd?) log(A/d). 

The presence of divergent terms signifies that the four-body collisions cannot be 
ueated separately from those of all higher orders (five-body, etc.). For the diver- 
gence shows that large r, are important, but even when r;~ I particle 4 can collide 
with some particle 5, and so on. The way to remove the divergence is thus Clear: in 
the expression for f(t, 71, 72) we must take account of terms relating to collisions 
of all orders, retaining in each order the most rapidly divergent integrals. Such a 
summation can be carried out, and has a foreseeable result: the arbitrarily large 
parameter A in the logarithm is replaced by the order of magnitude of the mean 
free path, | ~ 1/Nd?.t 

Thus the expansion of the transport Coefficients has the form 


K = Koll + a, Nd? + a(Nd’y log(I/Nd’)+...], (18.3) 


and similarly for 7. 


§19. Fluctuations of the distribution function in an equilibrium gas 


The distribution function determined by the transport equation, denoted in §§ 19 
and 20 by f, gives the mean numbers of molecules in the phase volume element 
d*x dV; for a gas in statistical equilibrium, f(T) is the Boltzmann distribution 
function fy (6.7), independent of time and (if there is no external field) of the 
Coordinates r. It is natural to consider the fluctuations of the exact microscopic 
distribution function f(t,r,T) as it varies with time in the motion of the gas 
particles under their exact equations of motion.t 

We define the correlation function of the fluctuations as 


(Sf (ti, mi, MSF (tb, r2, 12), (19.1) 


tSee K. Kawasaki and I. Oppenheim, Physical Review 139, A1763, 1965. 
#This topic was first discussed by B. B. Kadomtsev (1957). 
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where 5f =f —f. In an equilibrium gas, this function depends only on the time 
difference t = t,— t); the averaging is taken with respect to one of the times ft, and 
to, with a fixed value of their difference. Since the gas is homogeneous, the 
coordinates r,; and r> also occur in the correlation function as the difference 

=r,;—-¥r,>. We can therefore arbitrarily take t. and r, as zero, and write the 
correlation function as 


(Sf (t, r, 1,)df (0, 0, T)). (19.2) 


Since the gas is isotropic, the dependence of this function on r in fact reduces to a 
dependence on the magnitude r. 

If the function (19.2) is known, integration of it gives the correlation function of 
the particle number density: 


(5N (t, r)5N (0, 0)) = | (df(t, r, Pdf, 0, 12)) dV) dT. (19.3) 


For distances r that are large compared with the mean free path I, the density 
correlation function may be calculated by the hydrodynamic theory of fluctuations 
(see SP 2, §88), but at distances <I! a kinetic treatment is needed. 

It is immediately evident from the definition (19.1) that 


(df(t, r. PSF, 0, 12) = (Sf (—t, — 1, T2)5F (0, 0, T)). (19.4) 


The correlation function also has a more profound symmetry which corresponds to 
that of the equilibrium state of the system under time reversal. The latter process 
replaces a later time t by an earlier one —t, and also replaces the values of I by the 
time-reversed ones 7. The symmetry in question is therefore expressed by 


(f(t, r, Pi)Sf(O, 0, P)) = (8f(—t, v, 117 )SF (0, 0, 127). (19.5) 


When t = 0, the function (19.2) relates the fluctuations at different points in phase 
space at the same instant. But the correlations between simultaneous fluctuations 
are propagated only to distances of the order of the range of molecular forces, 
whereas in the theory under consideration such distances are regarded as zero, so 
that the simultaneous-correlation function vanishes. It should be emphasized that 
this result is due to the equilibrium nature of the state relative to which the 
fluctuations are considered. We shall see in §20 that simultaneous fluctuations also 
are correlated in the non-equilibrium case. 

In the absence of correlation at non-zero distances, the simultaneous-correlation 
function reduces to delta functions, whose coefficient is the mean square fluctua- 
tion at one point in phase space; cf. SP 2, 888. In an ideal equilibrium gas, the 
mean square fluctuation of the distribution function is equal to the mean value of 
the function itself (see SP 1, § 113); thus 


(8 (0, r, PSF(O, 0, F.)) = FI )SS(T, - I). (19.6) 
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The non-simultancous correlation between fluctuations at different points occurs 
even in the theory which neglects molecular dimensions. That this correlation 
necessarily arises is evident from the fact that particles which participate at a 
certain instant in fluctuations at some point in phase space will already be at other 
points at any subsequent instant. 

The problem of calculating the correlation function for t# 0 cannot be solved in 
a general form, but can be reduced to the solution of particular equations. To do so, 
a proposition is needed from the general theory of quasi-steady fluctuations; see SP 
1, 88118 and 119. 

Let x,(t) be fluctuating quantities (with zero mean values). It is assumed that, if 
the syStem is in a non-equilibrium state with values of x, beyond the limits of their 
mean fluctuations (but still small), the process of relaxation of the system to 
equilibrium is described by linear “equations of motion” 


Xa = — » dabXb (19.7) 


with Constant coefficients A,,. Then we can say that the correlation functions of the 
x, Satisfy similar equations 


£ (x4(t)x(0)) =~ Lrantxo(t)xe(O)), >, (19.8) 


with c a free suffix. Solving these equations for t > 0, we then find the values of the 
functions for t <0 from the symmetry property 


(xu(t)x4 (0) = (x4 (1) x40), (19.9) 


which follows from the definition of the correlation functions. 

In the present case, the equations of motion (19.7) are represented by the 
linearized Boltzmann equation for the small addition df to the equilibrium dis- 
tribution function f. Thus the correlation function of the distribution function must 
satisfy the integro-differential equation 


(2 tye i)kare, r,1)8f(0,0,1))=0 for t>0, (19.10) 


where I, is a linear integral operator acting on the variables T, in the function 
following it: 


fier) = | wT TT, Poet + Fe'-fier—felardtyar. (9.4) 


The variables T) in (19.10) are free variables. The initial condition for the equation 
is the value (19.6) of the correlation function for t = 0; that for t <0 is then given 
by (19.4), the condition (19.5) being automatically satisfied by the result. The 
formulae (19.10), (19.11) and (19.4) constitute a set of equations sufficient in 
Principle for a complete determination of the correlation function. 
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What is usually of interest is not the correlation function itself but its Fourier 
transform with respect to coordinates and time, denoted by (8f:5f2).., where the 
suffixes 1 and 2 refer to the arguments I’, and I: 


(5f:5fz)ou = is dt | (8f(t, x, T,)8f(0, 0,1 2))e 7°” ax, (19.12) 


the spectral function or spectral correlation function of the fluctuations. If a 
fluctuating function is expanded as a Fourier integral with respect to time and 
coordinates, the mean value of the products of its Fourier components is related to 
the spectral correlation function by 


(fox 5fu(T2)) = (27)*8(@ + w')5(k + k')(Sf Sf 2dans (19.13) 


cf. SP 1, §122. 

It is easy to derive an equation which in principle allows a determination of the 
spectral function of the fluctuations without previous calculation of the space-time 
correlation function. Dividing the range of integration with respect to t in (19.12) 
into two parts, from —© to 0 and from 0 to ~, and using (19.4), we have 


(Sf 5f2)on = (Sf Sf2)oR + (Sf25f 1) 2-4, (19.14) 
where 


(Sf 8f2)S2 = I 7 dt | (df(t, r, FSO, 0, P2))e7 7 dbx. (19.15) 


0 


To the cquation (19.10) we apply the one-sided Fourier transformation (19.15). The 
terms containing derivatives with respect to t and r are integrated by parts, using 
the facts that the correlation function must tend to zero as r>™ and as tf > ©, and must 
be given by (19.6) when t = 0. The required equation is then found to be 


[i(k . vy — w) — Fi1(6f 5f.)S2 = FSC) - T)- (19.16) 


If we are interested in the fluctuations of the gas density, and not in those of the 
distribution function itself, it is appropriate to integrate equation (19.16) over dIz: 


[i(k . v— w) — [Sf T)SN)G2 = F(T). (19.17) 


The spectral function (8N7),, sought is found from the solution of this equation by 
a single integration, not a double one as in (19.3). 

Another inethod of finding (5N7’)..« is based on the relation between the density 
correlation function and the generalized susceptibility with respect to a weak 
external field of the form 


Ut, r) = U,,e-™; (19.18) 
see SP 2, §86.t If this field causes a density change 
bNuk = alo, k) Ua, (19.19) 


TThis relation exists only in the equilibrium case. 
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then from SP 2 (86.20) the spectral correlation function of the density is, in the 
classical limit, 


(6N?).4. = 2T/w) im a(w, k). (19.20) 


Let 5f(t,r) be the change in the distribution function due to the same field; it 
satisfies the transport equation 


The Fourier components of 8f(t, r, PF) are written 


fol) = Xu(P) Var 


in which the external field is separated as a factor. Then the equation for x..« 1S 
[i(k . v—) —L] xu(1) = ik . dffav. (19.21) 


The solution of this equation gives the required spectral correlation function by a 
single integration: 


(SN2ox = (2T/e) im | Xo(DAP (19.22) 


PROBLEMS 


PROBLEM |. Determine the density correlation function in a monatomic gas in equilibrium, neglec- 
ling collisions. 

SOLUTION. For a monatomic gas, the quantities I’ are the three components of the momentum p. The 
solution of (19.10) for I; = 0 is 


(Sf (t, r. prdf (0, 0, pz)) = f(pd5(r— vit )5(pr— pr). 
and ils Fourjer Component ts 
(8f 5f2)ox = 27f (p1)3 (Pr — pr)5(w — k- v1). 
Integration of these expressions with the Maxwellian function f gives as the densily Correlation function 
(SN(t, r)5N(0, 0) = N(mf2rT yt? exp(— mr2T??), (1) 
(8N7)ux = (N/k)(2amI/T )'” exp(— mo?/2Tk). (2) 
PROBLEM 2. The same as Problem I, but for a collision integral in the form [ig =~ g/t with a 


consiani time +. 


SOLUTION. Equation (19.16) reduces to an algebraic equation, from which we determine (8f15f2)¢2, 
and then find from (19. 14) 


(5f 5f2)ux = we 5(pi— pz). (3) 
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The presence of even a small number of collisions changes the asymptotic behaviour of the spectral 
correlation function of the density al high frequencies, w > ki, i.e. for fluctuations with a phase velocity 
much grealer than the thermal speed of the molecules: in this limit, 


(85N7)un = 2N/tw?, (4) 


i.e. the correlation function decreases with increasing frequency according lo a power law, instead of 
exponentially as in (2). 


§20. Fluctuations of the distribution function in a non-equilibrium gas 


Let a gas be in a steady but non-equilibrium state with some distribution function 
f(r. 1) which satisfies the transport equation 


v. aflar = C(f); (20.1) 


the function f may deviate greatly from the equilibrium distribution function fo, 
and so the collision integral C(f) is not assumed linearized with respect to the 
difference f -fo The steady non-equilibrium state has to be maintained in the gas 
by external interactions: the gas may, for example, contain a temperature gradient 
supported by external sources, or it may execute a steady motion (which does not 
consist in a motion of the gas as a whole). 

_ Let us seek to calculate the fluctuations of the distribution f(t,r, I) relative to 
f(r, T). These fluctuations will again be described by a correlation function (19.1), in 
which the averaging is carried out in the usual way with respect to time for a given 
difference t =t,—t,, and the correlation function depends only on t. Since the 
distribution f' (r, F) is not uniform, however, the correlation function now depends on 
the coordinates r, and rz separately, and not only on their difference. The property 
(19.4) becomes 


(Sf 1(t)5f200)) = (5f2(—t) 5f1(0)), (20.2) 


where fi(t)=f(t,11,11), fo(0) = f, ro, V2). 

The relation (19.5) involving time reversal does not apply in general in the 
non-equilibrium case. 

The correlation function of the distribution function again satisfies the equation 
(19.10): 


(2+ ‘, = 11) (6f.(0)6f20) =0, (20.3) 


where /, is the linear integral operator (19.11), which acts on the variables T’,.t The 
problem of the initial condition on this equation, i.e. the form of the single-time 
correlation function, is considerably more complex than in the equilibrium case, 
where it was given simply by (19.6). In a non-equilibrium gas, the single-time 
correlation function is itself determined from a transport equation whose form can 


tThe use of this equation in the non-equilibrium case is due to M. Lax (1966). 
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be established by using the relation between the correlation function and the 
two-particle distribution function f defined in §16. In a steady state the function 
fr, Vis 1, P2), like f(r,T), does not depend explicitly on the time. 

To derive this relation, we note that, since the volume dz = d*x dT is infinitesi- 
mal, it cannot contain more than one particle at a time.t Hence the mean number 
f dz is also the probability that a particle is in the element dz (the probability that 
there are two particles in it at once being a quantity of a higher order of smallness). 
It follows that the mean value of the product of the numbers of particles in the two 
elements dz, and dz, is equal to the probability of simultaneously finding one 
particle in each of them. For a given pair of particles this is the product f{? dr, dz, 
by the definition of the two-particle distribution function. Since a pair of particles 
can be chosen from the (very large) total number of particles in N(V — 1) ~ N 
ways, we have 


(fidz, . f2dz2) = N : fi? dz, di. 


The equation (f,f2) =.47f? thus obtained relates, however, only to different points 
in phase space. The passage to the limit rm, l')->r2, 1, makes it necessary to take 
into account that, if dz, and dz coincide, an atom in dz, is also in dz. A relation 
which allows for this is 


(fif2) = NFR + fib(r, —r)5(F -— 12): (20.4) 


when it is multiplied by dz,dz, and integrated over some small volume Ar, the first 
term on the right gives a small quantity of the second order, « (Az)’, and the term 
containing the delta functions gives f Az, a first-order quantity. Thus we have 


(Lr) =a 


as it should be, since as far as first-order quantities there can only be either no 
particle or one particle in the small volume Az. 
Substituting (20.4) in the definition of the single-time correlation function 


(Sf (0) 5f2(0)) = (f:(O)F20)) — fifr, 


we obtain the required relation between it and the two-particle distribution func- 
tion: 


(Ff (O)5F(0)) = NFR — fifo + fidr ~ 251 - Ty. (20.5) 
In an ideal gas in equilibrium, the two-particle distribution function reduces to the 


Product f= fif/.N?, and (20.5) reduces to (19.6). In any case, f tends to this 
Product as the distance between the points 1 and 2 increases, so that 


(Sf (O)Sf.(0)) > 0 as Ir) _ r,| >, (20.6) 
tThe derivation which follows is a paraphrase of the argument in SP 1, §116, 


Pee. , 
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The two-particle distribution function satisfies a transport equation analogous to 
the Boltzmann equation, which could be derived from equation (16.9) for f in the 
same way as the equation for the single-particle function was derived from (16.7).t 
Here, however, we shall give a derivation of the equation for f® analogous to that 
of the Boltzmann equation in §3, based on intuitive physical arguments. 

We take as the unknown function not f@ itself but the difference 


g(r, ry; Y2, T2) ae NF? _ fife, (20.7) 


which tends to zero as |r; — r.|-> ©; it is the correlation function (20.5) without the 
last term. This quantity is small in the usual sense of fluctuation theory, namely of 
the order of 1/4 in comparison with Fits 

In the absence of collisions, the function @ satisfies an equation which simply 
expresses Liouville’s theorem—the constancy of f® along the phase trajectory of a 
pair of particles: 


df _dp_ | toy ap _ 
dt dt ~' ono io (20.8) 


The change in ¢ as a result of collisions is due to processes of two kinds. 

Collisions of particles 1 and 2 with any other particles, but not with each other, 
cause the appearance, on the right of (20.8), of terms he + he, where i, and J, are 
the linear integral operators (19.11) acting on the variables I’, and I, respectively. 

Collisions between the particles | and 2 play a special role, causing a simul- 
taneous “jump” of both particles from one pair of points in phase space to another 
pair. Exactly the same arguments as were tised in the derivation of (3.7) give on the 
right of (20.8) a term 6(r; ~- r)C Af), where 


Cuf) = | wT, Pas PY, PGES ~ Fife) AV ass (20.9) 


in this integral, fluctuations may be neglected. The factor 5(r,;—r.) expresses the 
fact that particles undergoing collisions are at the same point in space.t 
Thus we have finally the equation 


Lo 


Sane ssc neap: i 
ano ans lig Le &(ry r)C2(f) (20 0) 


Vv! 


Solution of this equation gives, in accordance with (20.5), the function which acts 
as the initial condition for equation (20.3) at t = 0.8 


_ tin § 17 equation (16.9) was used only for aspecific purpose, namely to eliminate f” from the equation for 


tA further integration of (20.9) over dl, yields the ordinar Bolizmann collision integral. 
§This result is due to S. V. Ganisevich, V. L. Gurevich and R. Katilyus (1969) and to Sh. M. Kogan 
and A. Ya. Shul’man (1969). 
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Without the right-hand side, the homogeneous equation (20.10) has the solution 


= foAfor+ fordfor, 

(20.11) 
_ ofo fo fo | 

Afo an ON +a ST + ay AV, 


corresponding to arbitrary small changes in the number of particles, the tem- 
perature, and the macroscopic velocity in the equilibrium distribution fo. 

This ‘“‘spurious’’ solution is, however, excluded by the condition that g—0 as 
|r) — ¥2|->. Hence, in the equilibrium case, when the integral C), is identically zero, 
equation (20.10) gives @ = 0, and we return to the initial condition (19.6). 

The right-hand side of (20.10), 1.e. the pair collisions between particles in given 
states I; and P’,, may thus be regarded as the source of the single-time correlation 
of fluctuations in a non-equilibrium gas. By causing a simultaneous change in the 
occupation numbers of the two states, pair collisions generate a correlation 
between these numbers. In the equilibrium state, owing to the exact compensation 
of direct and reverse pair collisions, this mechanism has no effect and there are 
no single-time correlations. 

If the distribution f is independent of the coordinates r (as may happen when the 
deviation from equilibrium is maintained by an external field), we can consider 
fluctuations of the distribution function averaged over the whole volume of the gas, 
i.e. of the function 


fe D= a | fe Md, (20.12) 


which we denote by the same letter f but without the argument r. Fhe correspond- 
ing correlation function satisfies an equation that differs from (20.3) in not having a 
term containing the derivative with respect to the coordinates: 


a a : : 
(548 a i, afte. PV8f0, Td) = 0 for t>0; (20.13) 


on the left-hand side, a term has been added which arises from the force F acting 
on the particles in the external field. The single-time correlation function 


(5f(0, 11)8f(0, 1) = N?FP,, Tr) - jor yFery + 2 ser, -1 r) 


=o ta+f OQ ser, -r 


2) (20.14) 


Satisfies the equation 


[F- at 3, 35, hit Bown, °) = Cr(o(Ty, 0). (20.15) 
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If the gas is in a closed vessel, this equation is to be solved with the additional 


condition that expresses a fixed value (without fluctuations) of the total number of 
particles in the gas: 


| (5f(0, Pi) 8f(0, FP) dV = | (5f (0, 1) Sf 0, F2)) dT, = 0. (20.16) 


This condition must be satisfied in the equilibrium case also, but it is not satisfied 
by the expression [f(I)/V]5(I, - ') which corresponds to the correlation function 
(19.6). The correct expression is obtained by making use of the arbitrary choice 
(20.11); with the appropriate value of the parameter AW, 


(Sf (0, PSF (0, P2)) = a Fa =[3)= 7 fF (Cd). (20.17) 


This correlation function includes a term which does not contain a delta function. 


CHAPTER II 


THE DIFFUSION APPROXIMATION 


§21. The Fokker—Planck equation 


A CONSIDERABLE Class of transport phenomena is constituted by processes in 
which the mean changes of quantities (on which the distribution function depends) 
in each event are small in comparison with their characteristic values. The 
relaxation times for such processes are long in comparison with the times of the 
individual events which constitute their microscopic mechanism; in this sense, they 
may be called slow processes. 

A typical instance 1s the problem of momentum relaxation of a small admixture 
of a heavy gas in a light one, the latter being regarded as itself in equilibrium. 
Because of the low concentration of heavy particles, their collisions with one 
another may be neglected, and only those with the particles of the light gas 
considered. When a heavy particle collides with light ones, however, its momentum 
undergoes only a relatively small change. 

We shall refer to this specific example, and derive the transporf equation satisfied 
in such cases by the momentum distribution function f(t, p) of the impurity 
particles. 

Let w(p, q)d*q denote the probability per unit time of a change p> p-— q in the 
momentum of a heavy particle in an individual collision with a light particle. Then 
the transport equation for the function f(t, p) 1s 


af(t, p)/at = | {w(p +a, q)f(t. p+ a) — w(p, a)f(t, p)}d’a, (21.1) 
where the right-hand side is the difference between the numbers of particles per 
unit time that enter and leave a given momentum space element d’p. According to 
the hypotheses used, the function w(p, q) decreases rapidly with increasing q, and 
So the most important values of q im the imtegral are those which are small 
Compared with the mean momentum of the particles. This allows the following 
€xpansion to be used in the integrand: 


w(p+q, f(t, p+ q) = w(p, f(t, p) + 475", a)f (t, P) 


a2 
+3 Gade apadp, ” P> DEC p). 


The transport equation then becomes 


ofa {- a 
a = jo [Af + 5p, (Bo)} (21.2) 
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where 
= 1 
Ay= | geW (p,q) d°q, Bog =5 | GaGa (p, q) d°q. (21.3) 


Thus the transport equation is now a differential (not integro-differential) equation. 
The quantities A, and Bag may be symbolically written as follows to show their 
significance more clearly: 


Ag = > Ged 5t, Bag = > Gadel 26t, (21.4) 


where the summations are over the (large) number of collisions that occur in the 
time 6t. 

The expression on the right of (21.2) is the divergence in momentum space, 
— dS,/APe, of the vector 


Sg = —A.f - pg (Bool) 


_ —A.f as Bah OP. (21.5) 
Ao Aut dBapl Pp 


Thus equation (21.2) is, as it should be, an equation of continuity in momentum 
space, and so the number of particles is automatically conserved in the process. 
The vector s is the particle flux density in momentum space. 

According to equations (21.4), the coefficients in the transport equation are 
expressible in terms of the average characteristics of the collisions, and in this 
sense their calculation is a purely mechanical problem. In fact, however, there 1s no 
need to calculate the A, and Byg individually; they can be expressed in terms of 
one another by means of the condition for the flux to be zero im statistical 
equilibrium. In the present case, the equilibrium distribution function is 


f =constant x exp(—p”/2MT), 


where M is the mass of the heavy gas particles and T the temperature of the light 
gas. Substitution of this expression in the equation s = 0 gives 


MTA, = BagPp- (21.6) 


Thus the transport equation becomes 


to = apn 2s (Me! app) | an 


The coefficients in the first two terms of the expansion of the collision mtegral 
are of the same order of magnitude; the reason 1s that the averaging of the first 
powers of the quantities qg, in (21.4), whose sign is variable, involves a greater 
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degree of cancellation than the averaging of quadratic expressions. The later terms 
of the expansion are all small m comparison with the first two. 

The only vector on which the coefficients B,g can depend is the momentum p of 
the heavy particles. If the velocities p/M of these particles are on average small 
compared with those of the light particles, they may be regarded as immobile in 
collisions; in this approximation, the Bag are independent of p. Thus the tensor Bag 
reduces to a constant scalar B: 


Bag = Boop, =} i q’w(0,q) a’, (21.8) 
and equation (21.7) becomes 
f_ po. Gz 2) 
at ars mT! * 3p ; (21.9) 


There is a formal similarity between (21.7) and the equation of diffusion in an 
external field, which is especially evident from the form (21.9). The diffusion 
equation 1s 


ac/at = div(DVc — bcF), 


where c is the impurity concentration, F the force exerted on the impurity particles 
by the external field, D the diffusion coefficient, and b the mobility. The processes 
described by (21.9) may be referred to as diffusion in momentum space, with B 
acting as the diffusion coefficient; the relation between the coefficients in the two 
terms on the right of (21.9) is analogous to the familiar Einstein relation D = bT 
between the diffusion coefficient and the mobility (FM, § 59). 

The transport equation in the form (21.2), with the coefficients defined in terms of 
the averaged characteristics of the elementary events by means of (21.4), is called 
the Fokker—Planck equation (A. D. Fokker 1914; M. Planck 1917). The specific 
properties of the vanables p, as the momenta of the particles have played no part 
in the derivation given. It is therefore clear that an equation of the same form is 
valid also for the distribution function f with respect to other variables, provided 
that the conditions on which the proof 1s based are satisfied: the relative smallness 
of the change in the quantities in each event, and the linearity with respect to f of 
the integral operator which expresses the change in the function resulting from 
these events. 

As an example, let us take the case of a light gas forming a slight impurity in a 
heavy gas. In collisions with heavy particles, the momentum of a light particle 
changes greatly in direction but only slightly in magnitude. Although equation (21.7) 
is invalid under these conditions for the distribution function of the impurity gas 
particles with respect to the momentum vector p, a Similar equation can be set up 
for the distribution with respect to the magnitude p only. If the distribution 
function is, as before, taken relative to the momentum space element d?p, so that 
the number of particles having the value of p in a range dp is f(t, p). 4p? dp, the 
Fokker-Planck equation is valid for the function 47p7f in relation to dp: 


a(fp’?)_ 9 f, 2 98 42 
a =a [fp'a+ B= fp : 
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or 
of 1 8 f Ba *} 
Baa fat ora fp : (21.10) 
where 
B = 5 Dopo. (21.11) 


The expression im the braces 1s the radial flux s in momentum space. It must reduce 
to zero the case of the equilibrium distribution 


f = constant X exp(—p?/2mT), 
where m 1s the mass of a light particle and T the temperature of the heavy gas. 


This condition gives a relation between A and B, and the transport equation (21.10) 
thus becomes 


of_ Lt a(p’s) (2, af) 
pee B atl tap): (21.12) 
PROBLEMS 


PROBLEM |. Determine the diffusion coefficient in momentum space (B in equation (21.9)) for an 
admixture of a heavy gas in a light one, assuming the speeds of the heavy particles to be small coinpared 
with those of the light ones. 

SOLUTtON. As shown in the text, under the conditions stated the momentum transfer may be 
calculated by assuming the heavy particle to be fixed and neglecting the change in its energy in the 
collision. The change in the momentum of the heavy particle is then calculated as the equal change in 
that of the light particle: (Ap)’ = 2p"(1 — cos a), where p‘ is the momentum of the light particle and @ the 
angle through which it is scattered. Hence 


> (Ap) = 61 [2p% — cos a)Nv' do, 


where N is the number density of light gas particles, and we have finally 
B =(N/3m\p"a1), 


where or = f(1—cos a) do is the transport cross-section, and the averaging is taken over the light gas 
particle distribution. 

PROBLEM 2. Use the Fokker—Planck equation to determine the mobility of a heavy particle in a light 
gas. 

SOLUTION. When an external field is present, a term F . éf/ap is added to the left-hand side of (21.9), 
F being the force acting on the particle. Assuming this force to be small, we seek a steady solution of the 
equation in the form f = fot 5f, where fo is the Maxwellian distribution and df < fo. The equation for df 
is then + 


B2.. (204 af)-r- 2 


Hence 
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and so 5f = foF . p[B. The mobility b is the coefficient in the equation 


v= | af-e d’p =bF. 
A calculation of the integral gives 


b = TIB = 3mTIN(op"). 


in agreement with (12.4). 


§22. A weakly ionized gas in an electric field 


Let us consider an ionized gas in a uniform electric field E. This field perturbs the 
equilibrium distribution of free electrons i the gas and causes an electric current in 
it. We shall derive the transport equation which governs the electron distribution. f 
If the 1onization is weak, the electron (and ton) density in the gas 1s small. Hence 
only collisions between electrons and neutral molecules are important; those 
between electrons and 10ns or other electrons may be neglected. We shall also 
assume that the mean energy acquired by the electrons in the electric field is (even 
in a strong field: see below) insufficient to excite or ionize the molecules; the 
collisions between electrons and molecules may then be regarded as elastic. 

Because of the large difference between the electron mass m and the molecule 
mass M, the mean speed of the electrons is much greater than that of the 
molecules. For the same reason, the electron momentum changes its direction 
greatly in a collision, but its magnitude only shghtly. Under these conditions, the 
collision integral in the transport equation falls into the sum of two parts which 
represent the changes in the number of particles in a given element of momentum 
Space due to the change mn the magnitude and m the direction of the momentui.:; 
the first part may be expressed in the Fokker-Planck differential form. 

Because of the symmetry about the direction of the field, the distribution 
function depends on only two variables (apart from the time): the magnitude p of 
the momentum, and the angle @ between p= my and the direction of E (which we 
take as the z-axis). The transport equation for the function f(t, p, 0) has the formt 


a 1 
yo ek = — (pis) + No ff.) Fp, do, (22-1) 


where 
ee oe RC | 
s=-B (7+ a B= 7 > (Ap)’/8t. 


The first term on the right of (22.1) corresponds to the right-hand side of the 
Fokker—Planck equation (21.12). The second term is the collision integral with 


*The theory given in §22 is due to B. I. Davydov (1936). The limiting expression (22.18) was earlier 
derived by M. J. Druyvesteyn (1930). 

tn this book, e always denotes a positive quantity, the absolute magnitude of the unit charge. The 
charge on the electron is therefore —e. 
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respect to the change in direction of the momentum. In this integral, the molecules 
may be regarded as immovable (N being their number density); the number of 
collisions undergone by an electron per unit time and changing the direction of the 
momentum from @ to 6’ (or vice versa) is Nu do, where do 1s the cross-section for 
scattering of an electron by a molecule at rest, which depends on p and on the 
angle a between p and p’; we assume that the cross-section 1s already averaged 
over the orientations of the molecule. 

We shall consider a steady state with a time-independent distribution function, 
and accordingly the term df/dt mm (22.1) will be omitted. 

To calculate B, we use the equation 


(vv = (Vv -VY, 
which expresses the constant magnitude of the relative velocity of the two particles 
in an elastic collision; v, V and v’, V’ are the initial and final velocities of the electron 
and the molecule. The change in the velocity of the molecule is small compared with 


that of the electron (AV = — mAv/M); hence, after expanding the above equation, we 
can put V= V’. Then 


2V ..(v—v) = v?— v0” ~ 2vAp, 
where Av = v — v’ 1s a small quantity. Thus 
(Apy = m'(Avy = (m7/v)[(V. v)? + (V. vy? — 2(V.. v\(V v1. 
The averaging of this expression 1s carried out mn two stages. First, we average over 
the (Maxwellian) distribution of the molecular velocities V. Because of the isotropy 
of this distribution, (V.V,) = } Sap(V’), and (V’) = 3T/M. We therefore have 
(Apy = (m?T/Mv?)(v? + v” — 2v . v') = (2m?T/M )(1 — cos a). (22.2) 


We must now average over the collisions undergone by the electron per unit time; 
this 1s done by integrating over Nu do. The result is 


B = Nm’vo,T|M = pmT/MI, (22.3) 


where o, = J(l —cos a) do is the transport cross-section, and | the mean free path 
defined as 


1=1/No,, (22.4) 


in general a function of p. The flux in (22.1) 1s therefore 
pee (of + rit) (22.5) 


Note that, according to (22.2), the change in the electron energy m the collision is 
Ae ~ DAp ~ T(m/M)'? ~ €(m/M)". Hence an appreciable change in this energy 
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uccurs only after ~ M/m collisions, whereas the direction of the electron momen- 

wm alters considerably m even one collision. That 1s, the electron energy relax- 

auon time T, ~ tpM/m, where 7, ~ I/v 1s the momentum direction relaxation time. 
The left-hand side of (22.1) 1s also to be transformed to the variables p and 6: 


Of SO. 5i0t-.s of sin’ @ af | 
eE- ap eE ap. eE ara p acoset (22.6) 


The solution of the transport equation thus derived may be sought as an 
expansion in Legendre polynomials: 


f(P, 6) = ¥ falP)Pa(c0s 8). (22.7) 


We shall see later that the successive terms in this expansion decrease rapidly mn 
order of magnitude. It is therefore sufficient in practice to take only the first two 
terms in the expansion: 


f(p, 8) = folp) + fi(p) cos 6. (22.8) 


The integral in (22.1), with (22.8) substituted, gives 
[U@,6)-f00, 9) do = — fio, cos 8; 


compare the transformation of a similar mtegral in (11.1). The transport equation 
then becomes 


— eE[ficos 0 + f; cos? 6+ (f,/p) sin’ 6] + (1/p?)(sop’y' + (v/1)f, cos 6 = 0, 


where the prime denotes differentiation with respect to p. The term p~*(s,p’)' cos 6 
has been omitted; it 1s certainly small (in the ratio ~m/M) in comparison with the 
term (vfi/1) cos @ (So and s, are the expressions (22.5) with fo or f; in place of f). 
Multiplying this equation by Po=1 or P,;=cos @ and integrating over d cos 6, we 
obtain two equations: 


(I/p’)(p’Sy' =0, S= aap *fo+ mpT fe) —3eEfi, (22.9) 
fi = (eEl/v)fo. (22.10) 


The expression S represents the particle flux in momentum space as modi- 
fied by the electric field. It follows from (22.9) that S =constant/p?. The flux S 
must, however, be finite for all p, and the constant is therefore zero. Now 
substituting f, from (22.10) in the equation S = 0, we find an equation determining 


fp): 


[er Mp4 B 20 (22.11) 
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So far we have made no assumptions as to the form of the function I(p), and the 
integral of the first-order equation (22.11) can be written for any I(p). In order to 
obtain more specific results, we shall assume that | = constant, which 1s equivalent 
to assuming that the cross-section o; 1s independent of the momentum.t The 
integration of (22.11) gives 


2y\ y7/6 
fo(p) = constant x (= + ¥) eco. (22.12) 
where 
y = (eEl/T)V(M/m). (22.13) 


For the function f,(p), we have from (22.10) and (22.12) 


f= ~foy (Ee (22.14) 


The quantity y is the parameter that describes the extent to which the field 
affects the electron distribution. The limiting case of weak fields corresponds to 
y <I. In the first approximation, fo(p) then reduces to the unperturbed Maxwellian 
distribution: fy « e~!7, € = 3T/2, and 


fi=—-(eEWT)fo, y <1. (22.15) 
The electric current generated in the gas is determined by the electron mobility 


= ee oe 3 a ae 3 
ma i= eew| ° cos 0. fd'/p scEN,| Pf dp, (22. 16) 


where N, is the electron number density.¢ A simple calculation with f, from (22.15) 
gtves for the mobility in a weak field 


by = 2?130'?¢(mT)". (22.17) 


This expression satisfies, as it should, the Einstein relation D = bT, where D is the 
diffusion coefficient (11.10). 

The significance of the inequality y <1 as the crterion of a weak field can be 
understood from the following simple arguments. It is evident that the influence of 
the field on the electron distribution will be weak so long as the energy acquired by 
an electron in its mean free time 1s small compared with that which it loses to an 
atom im a collision. The former energy 1s eEl, and the latter 1s 


Se ~ V8P ~ Vp ~ V(TIM)V (Tm), 


{This is always true at sufficiently low electron temperatures, since for slow particles the cross 
section tends to a limit independent of the energy (see QM, § 132). : 

tBecause of the orthogonality of different Legendre polynomials, only the term fo out of all those in 
the expansion (22.7) contributes to the normalization integral, and only f) cos @ contributes to t:. 
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where P and V are the momentum and speed of the atom; the change &P is of the 
order of the electron momentum. The criterion follows from a comparison of the 
two expressions. 

In the opposite case of strong fields (y > 1), we find? 


fo(p) = A exp(—3e7/yT), 


(22. 18) 
A= 3! NI TG myT)yP?, 
fr=—-6V(m/M )efol Ty. (22.19) 
The mean electron energy is 
aie APE 
e== i (mn) [QE = 0.43eLV(MIm), (22.20) 
and the electron mobility 
b = 47 G)'?/3**ar'’(mM)"“(eE)"”. (22.21) 


It remains to ascertain the condition for the expansion (22.7) to converge. For 
this purpose, we note that its successive terms are related in order of magnitude by 


eEf,almv ~ ofl: (2222) 


after substitution of (22.7), multiplication by P,(cos 6), and integration over 
d cos 6, the term in f,-, remains on the left-hand side of the transport equation, and 
the term in f, in the collision integral. When y <1, the mean electron energy € ~ T, 
and we have from (22.22) 


falfn-1 ~ eEl/T < (m/M)"? <1. 
In strong fields, with y > I, the mean energy € ~ eEl(M/m)'”, so that agaia 


frlfn-1 -~ (m|M)'"? « 1. 


Thus the expansion is convergent, since m/M is small. 


823. Fluctuations in a weakly ionized non-equilibrium gas 


In this section we shall discuss fluctuations of the electron distribution function 
mM a non-equilibrium steady state of a weakly ionized gas which is spatially 
homogeneous and is ma constant and uniform electric field E. 

*Formula (22.18 
the limit in (22.12). 

Note, however, that the corrections fr, fs, ..- could not be determined by means of (22.1). since this 


eka based on the Fokker-Planck approximation, in which quantities of higher order in ni/M are 


) is more simply derived by solving afresh equation (22.11) (with T = 0) than by taking 
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Only the time correlation of the fluctuations, and not their spatial correlation, will 
be considered. Then it is appropriate to use, in place of the exact (fluctuating) 
space-varying distribution function f(t, r, p), the function averaged over the whole 
volume of the gas, 


fipy=z| Ft r,p) d°x, (23.1) 


denoted im this section by the same letter f but without the argument r; it fluctuates 
only with time. The function f(p) with respect to which f fluctuates is the 
distribution (22.8) found in the preceding section. 

For the system in question, it 1s of most interest to find not the fluctuations of the 
distribution function itself but the related fluctuations of the electric current 
density j. The correlation functions for these quantities are related by the obvious 
formula 


(Bin(t) 8ig(0)) = e? | (F(t, p)8f (0, p’))vav} d°p d°p', (23.2) 


where of course 6j 1s the current density fluctuation averaged over the gas 
volume. tf 

The solution of the problem for a non-equilibrium gas is based on the general 
method given in §20.£ The correlation function (8f(t, p)df(0, p’)) satisfies (with 
respect to the variables t and p) the transport equation (22.1), which here cor- 
responds to the equation (20.13) im the general method. A similar equation is 
satishied by the function 


g(t, p) = i (8f(t, p)df(0, p'))v' d°p', (23.3) 


and the required current correlation function can be expressed in terms of this: 


(8),.(t)8{(0)) = e? | S(t, pda d°p. (23.4) 


Thus we arrive at the equation 


og _9\ 1 4 [2p (ve 58) | | = ' 
at e(E sp )B= 52 ap E Bets Nv | [g(t, p, 6) — g(t, p, 6')} do, 
(23.5) 


with B given by (272.3). 


*This averaging corresponds to an experiment in which the fluctuations of the total current in the gas 
are measured: such a fluctuation is equal to that of the averaged current density in a given direction, 
multiplied by the cross-section of the sample. 

+The study of this problem by P. J. Price (1959) was the first instance of a calculation of fluctuations 
in a non-equilibrium system. Here we shall follow the analysis by V. L. Gurevich and R. Katilyus (1965). 
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The transport equation (22.1) takes account of the collisions of electrons only 
with molecules, not with other electrons. There is therefore no mechanism here to 
establish a single-time correlation between electrons with different momenta, and 
the “initial” condition for the function g(t, p) 18 the same as in the equilibrium state. 
Since we are concerned with the fluctuation of the distribution function averaged 
over the whole volume of the gas, the constancy of the number of particles 
(electrons) has to be taken into account.t According to (20.17), we then have 


(6f(0, p)5F(0, PY) = 5:17 PIB PI 5 FOTO 


(where N, 1s the electron density), and hence for the mitial function 


g(0, p) = af (p)(v—V), (23.6) 


where V is the mean electron velocity in the state having the distribution f(p). This 
velocity is, of course, parallel to the field E; we may write it as 


V =-ebE, (23.7) 


where b is the mobility. The constancy of the total number of electrons signifies 
that f &f d*p =0, and so 


| g(t, p) d’p =0. (23.8) 


Following the method descnbed in § 19, we take the one-sided Fourier transform 
of (23.5), multiplying by e““ and integrating with respect to t from 0 to ~. The term 
e“dg/at is integrated by parts with the initial condition (23.6) and the condition 
2(~, p) = 0. The result is 


3 (+) 
_ iwg™ fe e(E : alap)e eas stip uae (= 2? + “EY 


ap MI \T ap 
+ New| ep) — 2001 do = 5 Fepnw- V), (23.9) 
where 
go, p)= [eet p) dt (23.10) 


tAs we are concerned only with the influence on fluctuations of the departure from equilibrium 
caused by the presence of the field, we neglect fluctuations of the total number of electrons resulting 
from ionization and recombination processes. These fluctuations may be strictly absent when all the 
electrons are formed by impurities with low ionization potential; the total number of electrons is then 
simply equal to the total number of impurity atoms. We also neglect fluctuations in the concentration of 
neutral molecules. The relative fluctuation of this concentration is certainly small in comparison with the 


Corresponding quantity for electrons, since the electron density is much less than the molecular 
concentration. 
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From (23.8), this equation is to be solved with the added condition 


[ ec, p) d°p =0. (23.11) 


If the solution of (23.9) is known, the required spectral expansion of the current 
correlation function can be found by simple integration: we write 


(isiode = [at { e3F(t, PBF, PI) v.05 Ap ap’ 
and proceed exactly as in the derivation of (19.14), obtaming 
Calg uo = e* | tei"w, P) + 2 w, P)vz} d’p. (23. 12) 


We shall take the specific case of a constant mean free path L. In the equilibrium 
state, with no electric field, the function f is the equilibrrum Maxwellian dis- 
tribution fo(p). The solution of equation (23.9) 1s then 


ay Pfolp)  ! 
o> 1 iallo’ Ga) 
as 18 easily seen, since 
[@- Pp’) do = oup. (23.14) 


If wr, <1 (where 7, ~I/vy is the relaxation time as regards the direction of the 
momentum), we can neglect the term ~iwi/v in the denominator of (23.13). A 
calculation of the mtegral (23.12) then leads to the result 


(odg)o = (2TolV) bap, (23.15) 


where o = e*N,bo is the conductivity of the gas in a weak field, and bo the mobility 
in a weak field, given by (22.17). The result (23.15) is, of course, in agreement with 
Nygquist’s general formula for equilibrium fluctuations of the current (see SP 2, 
§78). For let us consider a cylindrical volume of gas parallel to the x-axis. Since the 
current density is already volume-averaged, the total current J = j,.S. where S is the 
cross-sectional area of the cylinder. From (23.15), we then have 


(J). = 2To S7/V = 2ToS/L = 2T/R, (23.16) 


where L. = Y/S is the length of the sample, and R = L/oS its resistance. 
When E # 0, equation (23.9) is solved by successive approximation, in the same 
way as (22.6), but whereas the latter equation determined a scalar function, (23.9) is 


+In comparing with SP 2 (78.1), it must be remembered that fo < T and that by the condition w7, <! 
there is no dispersion of the conductivity, so that Z = R, 
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written for a vector function. The leading terms in the expansion of such a function 
(depending on the constant vector E and the variable vector p) may be written as 


gw, p) = h(o, p)n+ e{go(w, p) +n. egi(o, p)}, (23.17) 


with gi <2»; here n= p/p, e= E/E. The function f(p) is 


F(p) = for) +n. ef (p), (23.18) 


with fo and f, = eElfo/v as calculated in 8 22. 
We substitute (23.17)-(23.18) in (23.9) and separate the terms odd and even with 
respect to p. Again assuming w7, <1, we find, collecting the odd terms, 


(vo/D{hn + gie(n. e)}— e(e. dQo/dp)eE = fovlV; 


terms which are certainly small (in the ratio m/M) in comparison with those given 
are omitted. Hence 


h(p) = If(pV, gi(w, p) = (eElm/p) ago(, p)/ ap. (23.19) 


The terms even in p have to satisfy equation (23.9) only after averaging over the 
directions of p, in accordance with the fact that (23.17) gives only the leading terms 
in the expansion of the function sought. A straightforward calculation using the 
expressions (23.19) leads to the followmg equation for the function go(@, p): 


ing 9's) = Efex 222 copa} 
where 
_~_! fo 50) 2 e’ Elm ago 
2 IM (> BODE: ap 3p ap” 
This is to be solved with the added condition 
| sx(o, p) a°p =0, (23.21) 


to which (23.11) reduces on substitution of (23.17). 

When the function g“) is known, the required current correlation function is 
found by means of (23.12). Substituting the expansion (23.17) and making a simple 
transformation with the use of (23.19), we obtain 


2e"l 2le’ d°p 
(hipde = Bae 3ap"| Ufo dp — EaE psp | Leo(w. p) + 80 pT. (23.22) 


The term —iwgy in (23.20) becomes important when w ~ mv/MI, ie. when w7. ~ 1, 
where 7, is the relaxation time as regards the electron energy. Thus the dispersion 
of the current fluctuations begins at these frequencies. 


On 
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In the general case, equation (23.20) is very complicated. As an illustration, let us 
take the case of low frequencies (wz, <1) and strong fields satisfying the condition 
y 21, where y is the parameter (22.13). Because of the latter condition, the 
function fo(p) is given by the expression (22.18). The calculation of the integral in 
the first term in (23.22) gives 


m 


p32 N.e?1 eEl 1/2 M 144 
eexraiy ¥ (im) (m) 


In the second term im (23.22), we shall make only an estimate without numerical 
factors. Equation (23.20) (without the term —iwgp) gives 


Bo~ (eEPMI/Vp fo. 
The integral can then be estimated as 


e’1E(gol p)p°. 


The resulting expression for the current correlation function 1s 


2. _ Nee? (eEl\'2 (M\" E.E 
(isis) =F (<=) (*) [0.65.6 par" |, (23.23) 


lere B~lisan rl nstant. 
wl lis umerical constant 


§24. Recombination and ionization 


The equilibrium degree of 1onization in a partly ionized gas is established by 
various collisional ionization events and the converse recombination events be- 
tween colliding charged particles. In the simple case where the gas contains, apart 
from electrons, only one type of ion, the process of establishment of ionization 
equilibrium is described by an equation of the form 


dN,Jdt = B — aN.N;, (24.1) 


where B is the number of electrons formed per unit volume and per unit time in 
collisions of neutral atoms or through photo-ionization of atoms; this number is 
independent of the electron density N, and ion density N; present. The second 
term gives the decrease in the number of electrons due to recombination with ions; 
a 1s Called the recombination coefficient. 

The recombination process is usually very slow in comparison with the other 
processes of establishment of equilibrrum in a plasma. This is because the for- 
mation of a neutral atom in an ion-electron collision requires the removal of the 
energy released (the binding energy of the electron in the atom). The energy may be 
radiated as a photon in radiative recombination; the sLowness of the process 1s then 
due to the small quantum-electrodynamical emission probability. The energy 
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released may also be transferred to a third particle, a neutral atom; the slowness of 
the process is then due to the small probability of three-body collisions. The result 
is that it is often reasonable to consider recombination in conditions where the 
distribution of all particles may be regarded as Maxwellian. 

In equilibrium, the derivative dN,/dt is zero. It follows that the quantities a and 
6 in (24.1) are related by 


B = aNoNo (24.2) 


where No. and No; are the equilibrium electron and ion densities given by the 
appropriate thermodynamic formulae; see SP I, § 104.7 

The coefficient of radiative recombination 1s calculated directly from the recom- 
bination croSs-Section Gye IN a Colliston between an electron and an ton at rest (the 
speed of the ion 1s negligible in comparison with that of the electron): 


a = (0Cred; (24.3) 


where the averaging is over the Maxwellian distribution of electron speeds v,; see 
Problem 1. 

Radiative recombination 1s, however, important only im a sufficiently rarefied gas, 
when three-body collisions are entirely negligible. In a less rarefied gas, the 
principal mechanism is recombination involving a third particle, a neutral atom, and 
it is this mechanism that we shall consider in more detail. 

In collisions with atoms, the energy of the electron changes by small amounts. 
The recombination process therefore begins with the formation of a highly excited 
atom, and the electron gradually “descends” to lower and lower levels in further 
collisions of this atom. This type of process may be regarded as a “diffusion in 
energy” of the captured electron, and so the Fokker-Planck equation may be 
applied to it (L. P. Pitaevskii, 1962). 

Let us consider the distribution function of the captured electrons with respect 
to their (negative) energies «. The most important “diffusion” is naturally in the 
energy range |e|~ T. The temperature here must always be treated as small in 
comparison with the ionization potential I of the atoms; when T ~ I, the gas is 
almost completely ionized (cf. SP 1, 8104). 

The Fokker—Planck equation 1s 


aflat =—aslde, s =—Baflde— Af. (24.4) 
As usual, the coefficient A can be expressed in terms of B by means of the 


condition that s =O when f = fo, where fo is the equilibrium distribution. The flux s 
then becomes 


s =~ Bfo* (fifa. (24.5) 
The “diffusion coefficient” B(e) 1s determined by the general rule as 
Big= > (Acy/6t, (24.6) 


tIn radiative recombination, equilibrium of the state presupposes that of the radiation in the plasma. 
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where Ae is the change im the excitation energy of the atom im a collision with an 
unexcited atom; the calculation of B(e) from this formula involves solving the 
mechanical problem of the collision and then averaging with respect to the velocity 
of the unexcited atom (see Problem 2). 

To find the function fo(e), we note that the equilibrium distribution with respect 
to momenta and coordinates for an electron in the Coulomb field of a charge ze 
(the ion charge) is given by Boltzmann’s formula: 


fo(p,r) = (Q2amT) Pe", € = p’/2m — ze7Ir (24.7) 


(see below concerning its normalization); the motion of the electron with |e] ~ T < 
I is quast-classical, and this allows us to use the classical expression for the energy 
e. The distribution function with respect to € is therefore 


foe) de = (2mmT) *e"!T z(€) de, (24.8) 


where 7(e) is the volume in phase space corresponding to the range de: 
es on 
= +— ~—- — 7 2 
r(e)=[ a(lel 7 +) d'x dp (24.9) 


Replacing d3x d‘p by 4ar’ dr.4ap’ dp and carrying out the integration, we find 
T(e) = V29(ze’Pm Ie. (24.10) 


To formulate the conditions which determine the appropriate solution of equa- 
tions (24.4) and (24.5), it is convenient to suppose that the electron density present 
im the gas is N, > No; then we can neglect the rate of 1onization B in (24.1), so that 
the decrease of N, 1s due only to recombination. Under these conditions, the 
constant value of the flux s in the stationary solution of (24.4) gives directly the 
value of the recombination coefficient (s = constant = —a) if f(e) 1s suitably nor- 
malized: at the highest levels (|e] <T) the electrons are in equilibrium with free 
electrons, and this means that we must have 


f(edifole)>1 as |el->0, (24.1)) 


and the normalization of fo(e) must correspond to one free electron per unit 
volume, as has been ensured in (24.7). 

To find the second boundary condition (as e >—™), we note that the distribution 
at deep levels of the excited atom is not perturbed by the presence of free 
electrons, and is independent of their number: it 1s proportional to the equilibnum 
number No, not to the actual number N,. When N, > No,, this situation 1S eX 
pressed by the boundary condition 


flelfole)>0 as elo. (24.12) 
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Integrating the equation s =constant with the boundary condition (24.11), we 
have 


el 
flfo= constant x [ Gel lL. 


The constant is —a if it is determined So as to satisfy the condition (24.12). Thus 
we find as the final result 


1 “dle| IT? *e tet) @ 5? dll ex 13) 


a o Bf  (zey o B(—|el) 


This formula relates to a process in which the “third body” 1s an unexcited atom. 
If the gas is strongly romized (which 1s still compatible with the condition T <1) 
and sufficiently dense, recombination with a second electron as the third body may 
become the principal process. The recombination rate then becomes proportional 
to N,“N;, so that the recombination coefficient itself, defined as before by (24.1), is 
proportional to N,. Since the energy relaxation in electron collisions ts quick, the 


method described above for calculating the recombination coefficient is inapplic- 
able in this case. 


PROBLEMS 


PROBLEM I. Find the radiative recombination coefficient for capture of an electron to the ground 
state of a hydrogen atom at lemperalures T <I = e“m/2h’, the ionization potential of this alom. 

SOLUTION. The cross-section for recombination of a slow electron with a proton at rest. to the 
ground level of the hydrogen alom, is 


5. = 2am ltean IP 
ree 32.71... )'m7c70,” 


where ve is the speed of the electron, and ap = h*/me’ the Bohr radius: see RQT. formulae (56.13) and 
(56.14). The mean value (v-') = (2m/7T)"”. The result és, in accordance with (24.3), 


238 e Sal I 2 e Aap I 12 
32.71)" (Fe) hi (F) — () hi (5) 
PROBLEM 2. Determine the recombination coefficient given by (24.13), neglecting the influence of the 
electron binding in the excited atom on its collision with the unexciled atom, and assuming that the 


transport cross-section for these collisions is independent of the velocity. 
SOLUTION. The “diffusion coefficient” B(e) is calculated as in §22; the result is 


B(e) =(Ni3m\(vaop), (1) 


where N is the density of atoms in the gas, m the electron mass and va the relative speed of the excited 
4nd unexcited atoms. The speeds va have a Maxwellian distribution, with the particle mass represented 
by the reduced mass 1M (where M is the mass of the atom); hence (vi:) =6T/M. Next, p in (1) is the 
electron momentum in the field of the ion: the averaging of oyp? is taken over the region of the electron 
Phase space 1(€) corresponding to a given value of |e]. With o, = constant, we find 


2 2 
a, Ot 3 pz 5. 53 
(op y= [o a(lel+f- a )d xd’p 
_32V2 


3/2 
an omle| : 
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Thus 
B=64V2To,N|eP' 37M, 


and a calculation from (24.13) then gives finally 
a = 32V (27)m""(ze’PaNIBMT . (2) 


The neglect of the electron binding in the atom is legitimate if the perturbation frequency caused by 
the atom near the electron (~ d/ta, where d is the atomic dimension) is large in compartson with the 
frequency of rotation of an electron with energy |e] ~ T. This leads to the condition T <(e7/d)(m/M)” 


§25. Ambipolar diffusion 


Let us consider the diffusion of charged particles in a weakly ionized gas. As in 
§22, the degree of ionization is assumed to be so small that collisions between 
charged particles may be neglected in comparison with those between charged 
particles and neutral atoms. Even under these conditions, the diffusion of the two 
types of charged particles (electrons and ions) 1s not independent, because an 
electric field arises in the diffusion process (W. Schottky, 1924). 

The diffusion equations are the equations of continuity for the electrons (e) and 
the ions (i): 


aN.fat + divi, = oT (25.1) 


dNifat + div i; = 0, 
the fluxes being expressed in terms of the number densities of particles and 
their gradients by 


i, = — N.b.eE— eet 


ii = Ni beE-— D:VNi, (25.2) 


where D, and D, are the diffusion coefficients and b, and b; the mobilities of the 
electrons and ions.t These are related by the Einstein formulae 


D,= Tb,, D;= Tb,, (25.3) 


which express the Condition for the fluxes (25.2) to be zero in equilibrium. Using 
these relations and expressing the field in terms of its potential by E= —Vqg, we can 
rewrite equations (25.1) as 


aN,J/at = D, div[VN. — (eN-/T)V¢], (25.4) 
aN,/at = D, div[VN; + (eNi/T)V¢I. (25.5) 


To these we must add Poisson’s equation for the potential: 


Ag =—4me(Ni — N-). (25.6) 


+The ion charge is taken to be z = 1, as is Usually true when the degree of ionization of the gas is 
small. 


§25 Ambipolar Diffusion 107 


The equations (25.4)(25.6) are considerably simplified if the densities N, and N, 
have almost homogeneous distributions. We can then put N, ~ Nj ~ constant = No 
in the Coefficients of V¢ in (25.4) and (25.5), and eliminate g by means of (25.6). 
The result is 


aN. N.~—N, 
a D.[AN.- a i (25.7) 
aN; N, 7 N, 
ap Di [an, ac aa | (25.8) 


where a’ = 47re”N,/T, and a is the Debye length for electrons or ions; see §31 
below. 

Although the electron and ion scattering cross-sections are in general of the same 
order of magnitude, their diffusion coefficients are quite different, because of the 
difference in their mean thermal speeds v;: 


DD, ~ vrelvp, ~ V(MIm), (25.9) 


so that D, > D;, This results in some unusual features of the diffusion process. 

Let us consider the variation with time of a slight perturbation of the electron 
and ion densities, whose characteristic dimensions L > a. In the initial stage of the 
process, when the variable parts of the densities are [5N,| ~ [5Ni| ~ |5N. — 5Ni|, the 
first terms on the right of equations (25.7) and (25.8) are small in comparison with 
the second terms: 


AN, ~ 5N,/L? <« (8N, — 8N,)/a?. (25.10) 


Noting also that from (25.9) [aNj/at| <|aN-/at|, we have 


= (N. — 6N;) = —(D,/a?(5N, — &N;), 


whence 
5N, — 5N; = (5N, — &N;)o exp(— D,tla?. (25.41) 


From this, we see that in a time 7,;~ a’/D, the difference |[&5N,— 5N,| becomes 
small in comparison with &N, and 45N; themselves, i.e. the gas becomes quasi- 
neutral. 

The next stage of the process consists in the development of the electron 
distribution to reach the equilibrium form (for a given ion distribution), determined 
by the condition for the right-hand side of (25.7) to be zero: 


5N, — 5N; = a2AN, ~ a2ZAN; ~ (a7/L7)8N;. (25.12) 
This stage follows the diffusion equation (25.7), with the characteristic time 


7e2~ L?/D,, which is small compared with the characteristic ion diffusion time 
7, ~ L?/D,; the ion distribution may therefore still be regarded as unaltered. 
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The final relaxation of the electron and ion density perturbations takes place 
according to (25.8). which after the substitution of (25.12) becomes 


Thus, during a time ~7,, the electrons and ions diffuse together (6N, ~ 6N;) with a 
diffusion coefficient twice that of the ions; this process is called ambipolar 
diffusion. Half of the coefficient is due to the intrinsic diffusion of the ions, and half 
to the electric field resulting from the accelerating electrons. 

Lastly, let us note that equation (25.13) has a broader range of applicability than 
follows from the proof given. Even if the perturbation is not weak, the movement 
of the electrons quickly gives them a Boltzmann distribution in the field and 
equalizes the electron and ion densities, i.e. leads to quasi-neutrality. Then 


N, = N; = Noe?, ep =T log(Ni/No). (25.14) 


Substitution of (25.14) in (25.5) again gives (25.13), but without the assumption that 
the perturbation is small. 


§26. Ion mobility in solutions of strong electrolytes 


The equations given in §25 are easily generalized to the case where ions of 
different kinds are present. They are also applicable to the movement of ions in 
solutions of strong electrolytes.t In the limit of infinite dilution of the solution (Le. 
as its Concentration tends to zero), the mobility of each kind a of ions tends to a 
constant limit b®, and the diffusion coefficient correspondingly tends to 


D® = Tb®. (26.1) 

The present section is Concerned with the calculation of the correction terms in 
the first order (with respect to the small concentration) for the ion mobilities in a 
weak solution.t This also gives the Correction terms for the conductivity of the 


solution. In an electric field E, a force ez,E acts on each ion, which thereby 
acquires a directed velocity b,ez,E. The current density in the solution is therefore 


j= E> e€zaNq- by€Za, 


where N, is the concentration (number per unit volume) of ions of type a; the 
conductivity is thus 


o = e? )\ NaZaba- (26.2) 


*These are substances which dissociate completely into ions when dissolved 
IThe theory given below was worked out by P. Debye and E. Hiickel (1923) and L. Onsager (1927). 
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The theory given below is based on the same ideas as that of the thermodynamic 
properties of plasmas and strong electrolytes, namely that around each ion there is 
formed an inhomogeneous distribution of charges (an ton cloud), which screens the 
field of the ion. The corresponding formulae have been derived for a plasma in SP 
1, 8878 and 79. The formtilae for a solution of a strong electrolyte differ only in the 
presence of a permittivity e# | of the solvent, and will be given below. 

The screening cloud alters the mobility of the ion because of two different 
effects. First. the movement of the ion in the external electric field changes the 
charge distribution in the cloud, and this causes an additional field on the ion. 
Second, the movement of the cloud causes a movement of the liquid and hence a 
“drift” of the ion. The two corrections are called respectively relaxation and 
electrophoretic corrections. 


RELAXATION CORRECTION 


Let us first calculate the corrections of the first kind. Since the screening cloud 
results from the existence of a correlation between the positions of different ions, it 
is a question of the influence of the external field E on the correlation functions. 

We shall define the pair correlation function wap so that NaWap(ra, rp) dV, is the 
number of tons of type a in a volume dV, around the point r,, if there is one ion of 
type b at the point r;; the types a and b may be the same or different. Evidently 


Wab (ra; rp) = Wha (r,, Ta), (26.3) 


and wa! as [ra—rp|>% In equilibrium, the functions w. depend only on 
the distances |r, —r,|; in an external field, this is not so.t 

The correlation functions, like any distribution functions, satisfy equations in the 
form of continuity equations in the appropriate space—here, the configuration 
space of the two particles: 


OWypl Ot + div, ja + dive jr = 0, (26.4) 


where j, and j, are the probability fluxes for the a and b particles, and the 
suffixes to div show the variables (ra or rp) with respect to which the differentiation 
1S performed. 

The flux j, is 


Ja =—Tb OV aWab a DD 20eWap (E = Var ), (26.5) 


and j, is the same with the suffixes a and b interchanged. The first term in (26.5) 
describes the diffusional motion of the type a ions, which occurs even in the 
absence of an external field. The second term is the ion flux density due to the 
forces exerted by the external field E and by the field ~V,9, at the point r, 
resulting from the modified cloud, with the condition that a type b ion is at the 


_ *The method of correlation functions as applied to the equilibrium state of a plasma (or an electrolyte) 
Is described in SP 1. §79, 
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point r,. The potential g, = ¢,(ra, rp) of the latter field satisfies Poisson’s equation: 
Aade (ra; fp) = ~(nle| > ez N Wen (Fa, Fo) + €2p5 (ha — Fp | (26.6) 


The first term in the square brackets is the mean charge density of ions of all types 
in the cloud, the second term is the charge density localized (by the condition 
imposed) at the point r,. The factor l/e gives the reduction of the field in the 
dielectric solvent. 

Assuming the solution to be sufficiently dilute, we neglect triple correlations 
between the positions of the ions. In that approximation, the pair correlation 
functions w,, are almost unity, and the quantities 


Wab = Wab — 1 (26.7) 


are small. The potentials y, are of the same order of smallness. Neglecting 
second-order terms, we Can rewrite (26.5) as 


ja = DY [-— TV wav + eza(1 + War )E — €24 VaGe J. (26.8) 


In equation (26.6), we can simply replace wa by wa, since the solution ts 
electrically neutral on average (2ez,N, = 0): 


Avago (Fa, To) = — (4zle)| > €z-N een (Fa, Fo) + €Zp5(Fa — re) (26.9) 


In a uniform constant field E, the functions w,, are independent of time, and they 
involve the coordinates of the two points only in the form r=r,—r,, with 
VaWan = —V,Was- Substitution of j, from (26.8) and j, from the analogous expression 
in (26.4) now gives 


Td + DO) A wa (r) + ezab OA oy (r) + exrbP’ Agar) 
= (z,b9 — zbP ek. Vou (r), (26.10) 


where all derivatives are taken with respect to r. 

Assuming the external field weak, we can solve the problem by successive 
approximation with respect to E. In the zero-order approximation, when E = 0, the 
potentials g(r) are even functions of r. Since all the functions w,, and g, must 


tend to zero as r-%, we then find from (26.10) 
Td + bP) wD + e(bOz,.9f) + bP zee) = 0. (26.11) 
We seek the solution in the form 


or) = 220%), ep Xr) = — Tz0(r). (26.12) 
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Then equation (26.11) is satisfied identically, and from (26.9) we obtain an equation 
for wr): 


Aw™r)— o(r)/a? = (47e7/€T)5(r), (26.13) 
where 
= (4ne7/eT)>) Nez?. (26.14) 


The solution of this is 


2 ,-dla 
Or) =<." 26.15 
as 8 ae ae (26.15) 
The quantity a is the Debye screening distance in the electrolyte solution. 
In the next approximation, we put 
ge = 00+ 0%, wn = of + wo, (26.16) 


where the superscript (1) marks small corrections to the zero-order values. Being 
scalars, all these corrections have the form E.rf(r), where the f(r) are functions 
only of the magnitude r; hence all the w{? and ¢{’ are odd functions of r. Since, 
from (26.3), 


wo P(r, r2) = wo P(r) ad wbe(F2, ri)= wt 1 r), 
it follows also that 


wap(r) = — wear), (26.17) 


if we remember that everywhere r=r,—ry,. If the ions a and b are of the same 
kind, an interchange of suffixes cannot alter the function w%(r), and therefore 
(26.17) shows that such w%}=0. Thus the corrections w% occur only for the 
correlation functions of pairs of different ions. 

To simplify the subsequent calculations, we shall take the case of an electrolyte 
with ions of only two kinds. Then only one function w{}(r) = —w$?(r) is non-zero, 
and substitution of (26.16) in Poisson’s equation (26.9) gives 


Ag$(r) = = ~AZ27.Niw (r), (26.18) 


where r=rj—r2. With the condition of electrical neutrality of the solution, and the 
above-mentioned symmetry properties of the functions, it is easily seen that the 
potential ¢{(r) satisfies a similar equation, and therefore ¢{(r) = ¢$(r). 

On substituting (26.16) in (26.10), we retain only the term in w{? on the right, 
obtaining 


T(bO + bP) Aw P(r) + e(bOz, — bY z)Ag$(r) 
= (bz, — bP z,)ez2E. Vo(r). (26.19) 
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The equations (26.18) and (26.19) are solved by Fourier analysis. A set of 
algebraic equations for the Fourier components w{%, and 9? is obtained, differing 
from (26.18) and (26.19) by the change of operators Vik, A>— kK’. The Fourier 


component of the function w(r) (26.15) on the right of (26.19) is 


(0) _ 2 Eee 4a 
a eT k? + la? 


The final result for the Fourier component of the potential is 


Ame’z\224 ik. E 
il) _ 142 
Pre Ta? KK? + Lak? + gla’) ee) 


where 
bz, — bz, 
= rr ao 26.21 
9 G= adh + 6M) on 
Since 2, and z have opposite signs, it is evident that 0< gq <1. 
The function ¢$"(ri, r) is the additional potential at r; when there is an ion 2 at rz. 
The corresponding field strength is 


ES\(r) = — Vig? (nr, 2) = —Ve$"@). 
Its value for r; = r2 (i.e. r= 0) gives the required field which acts on the ion 2 itself 


and thus altcrs its mobility. 
The Fourier component ES) = —ikg. Hence 


3 
£1) = [- fixever 4] azo kes @kiQny. 


Substitution of (26.20) here leads to the integral 


I= k(k . E) d*k 
K(k? + 1a)\(k? + qla ) (27)* 


The averaging over the directions of k replaces k(k.E) by $k’E, and the integral 
with respect to k is then calculated from the residues of the integrand at the poles 
k =i/a and k= iV gla: 


I = Ea/127(1 + VQq). 


Thus the total field acting on the ion 2 ts 


ny — 11 — e”|z1 2219 
E+ E$(0) = [1 shai | E. (26.22) 


A similar result is obtained for the field acting on the ion 1, as is evident from the 
symmetry of the expression (26.22) with respect to the suffixes 1 and 2. Multiplying 
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the field (26.22) by bez, we obtain the velocity acquired by the ion, and if this is 
written in the form bezE it follows that the expression in square brackets gives the 
ratio b/b™. Thus the required relaxation correction to the ion mobility is found to 


be 
ae e*|z:2:/q 


This effect reduces the mobility. 


ELECTROPHORETIC CORRECTION 


Let us now go on to calculate the correction due to the movement of the solvent, 
formulating the problem as follows. We consider a particular ton in the solution, 
together with the screening cloud around it. This cloud carries an electric charge 
density 5p = ez,5N,, where 5N, is the difference between the densi’¥ of ions of 
type a in the cloud and the mean value N, in the solution. Thus forces with volume 
density f = Edp act on the liquid carrying this cloud, in the presence of an electric 
field E. These forces cause the liquid to move, which in turn Carries along the 
central ion in question. 

The distribution of tons in the cloud is related to the field potential g there by 
Boltzmann’s formula: 


5N, = N, [e  zeolT = 1] cad — 2,epN,!T. 


Since the field E is weak, we may neglect the deformation of the ion cloud in the 
present problem. In a spherically symmetrical cloud, the potential is 


y = (ez,/r)e", 


where ez, is the charge on the central ion, and a is determined by (26.14); cf. SP 1, 
$78. The total charge density in the cloud is therefore 


2 —-tla 
5p = Bere Nata = - 22 <—. (26.24) 


_ Since the motion caused by the field E is slow, the liquid may be regarded as 
incompressible, and so 


div v= 0. (26.25) 


For the same reason, the term quadratic in the velocity may be omitted from the 
Navier-Stokes equation, which then reduces (for a steady motion) to 


nAv—VP +f£=0, (26.26) 


Where P is the pressure and 7 the viscosity of the solvent. 
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Taking Fourier components in (26.25) and (26.26), we have 
k.v; = 0, ~nk?v, — ikP; + ESp, = 0. 
Multiplying the second equation scalarly by ik, we find P, = —ik . Ep,/k?, and so 


_ 8p, k7E — k(k . E) 
| aera 


‘i =o pa a (26.27) 
The Fourier component of the charge density (26.24) is 
5p, = — ezp/(a?k? + 1). (26.28) 


The required velocity of the liquid at the point r =0, where the central ion is 
situated, is given by the integral 


v(0) = [vs @k/(27). 


Substitution of vy; from (26.27) and (26.28), and integration over the direction of k, 
gives 


se os e€Zp 8a . dk 
= EO aya 3 Io ate 


and finally 
v(0) = —(ez,/67rna JE. 
This velocity is added to the velocity ez,bE acquired by the ion through the 


direct action of the field. It is therefore clear that the required electrophoretic 
correction to the mobility is 


be-ph = — 1/67ran, (26.29) 
the same for tons of all types. The total correction is given by the sum of the two 


expressions (26.23) and (26.29). Both are negative, and through the factor I/a are 
proportional to the square root of the concentration. 


CHAPTER III 


COLLISIONLESS PLASMAS 


§27. The self-consistent field 


A wIbE field of application of transport theory occurs for plasmas, by which we 
shall mean completely ionized gases.t The thermodynamic theory of the equili- 
brium state of plasmas has been discussed in SP 1, §§78-80; SP 2, §85. Chapters 
II-V will be devoted to the transport properties of plasmas. To avoid com- 
plications having no fundamental significance, we shall (where necessary) regard 
the plasma as having only two components: electrons with charge —e, and positive 
ions of one type with charge ze. 

As in ordinary gases, the plasma must be sufficiently rarefied if the transport 
equation is to be applicable to it; the gas must be almost ideal. However, because 
Coulomb forces decrease only slowly, this condition is more stringent for a plasma 
than for a gas of neutral particles. At present making no distinction between 
particles having different charges, we can write the condition for the plasma to be 
almost ideal as 


T>elr~ &N', (27.1) 


where T is the temperature of the plasma, N the total number of particles per unit 
volume and ¥~ N7'® the mean distance between them. This condition states that 
the mean interaction energy of two ions is small in comparison with their mean 
kinetic energy. It may be differently expressed by using the Debye length a of the 
plasma, defined by 


1a? = (4a/T) S Na(zey’, (27.2) 


where the summation is over all types of ion; it may be noted (see SP 1, §78) that a 
determines the distance at which the Coulomb field of a charge in the plasma is 
screened. With a ~ (T/47Ne?)'” in (27.1), we have 


eN'3IT ~ FP /42a? <1: (27.3) 


in a rarefied plasma, the mean distance between the particles must be small 
compared with the Debye length, i.e. the ion cloud around a charge must in fact 


tThe term is due to 1. Langmuir (1923), who laid the foundations of the systematic theoretical study of 
plasmas. 
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contain many particles. The small ratio (27.3) acts as a “gaseousness parameter” 
for the plasma. 

The plasma will be assumed classical throughout Chapters III-V, except in § 40. 
This implies the fulfilment of only a very weak condition: the plasma temperature 
must be high in comparison with the degeneracy temperature of its electron 
component, 


T > h?N74/m, (27.4) 


where m is the electron mass (cf. SP 1, $80). 
The transport equation for each type of particle in the plasma (electrons and 
ions) 1S 
of + Y- of 


. Oo 
a t¥ itp Le ci, (27.5) 


op 


where f is the coordinate and momentum distribution function of the particles 
concerned, and C is their collision integral (with particles of any kind). The 
derivative p is determined by the force acting on the particle. This force is in turn 
expressed in terms of the electric and magnetic fields, due to all the other particles, 
at the position of the particle considered. The following point now arises, however. 

For neutral particles (atoms or molecules), because of the rapid decrease of the 
interaction forces, there are noticeable changes in their motion, interpretable as 
collisions, only at small impact parameters, of the order of atomic dimensions. 
Between such collisions, the particles move as if free; for this reason, p=0 is 
assumed on the left-hand side of the transport equation for ordinary gases. [na 
plasma, however, because of the long-range Coulomb forces, a noticeable change 
in the motion of the particles occurs even at large impact parameters; the Coulomb 
forces are screened in the plasma only at distances ~a, which by the condition 
(27.3) are large even in comparison with the distances between particles (see SP I, 
§78, and §31 below, Problem 1). However, not all such cases are to be interpreted 
as collisions in the transport equation. In transport theory, random collisions are 
the mechanism causing an approach to the state of equilibrium, with a correspond- 
ing increase in the entropy of the system. But collisions at large (2a) impact 
parameters cannot act as such a relaxation mechanism. The reason is that the 
interaction of two charged particles at such distances is actually a collective effect 
involving many particles. Accordingly, the effective field which can describe this 
interaction is also generated by a large number of particles, i.e. is macroscopic. The 
whole process then becomes a macroscopically certain and not a random one; such 
processes cannot cause the entropy of the system to increase. They must therefore 
be excluded from the scope of the term “‘collisions’”’ as applied to the right-hand 
side of the transport equations. 

This distinction corresponds to the representation of the exact microscopic 
values of the electric field e and the magnetic field h, acting on a particle in the 
plasma, as 


e=Ete, h=Bth, (27.6) 


where E and B are the fields averaged over regions containing many particles and 
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having dimensions large compared with the distances between the particles but 
small compared with the Debye length. The terms e’ and h’ then describe the 
random fluctuations of the fields, which cause random changes in the motion of the 
particles, 1.e. collisions. 

In (27.6), the precise significance of E and B is that of being the mean fields at the 
position of a given particle. Since the plasma is assumed rarefied, the correlation 
between Simultaneous positions of particles in it may be neglected. Then the 
position of each given particle is in no way distinctive, and so E and B may be 
regarded as just the fields averaged in the ordinary sense of macroscopic elec- 
trodynamics. These fields determine the Lorentz force which is to replace p in 
(27.5). 

In this chapter, the phenomena discussed will be those in which collisions 
between plasma particles are unimportant. Such a plasma ts said to be collisionless. 
The precise conditions for collisions to be negligible depend in general on the 
specific formulation of the problem, but a necessary condition is usually that the 
effective collision frequency v (the reciprocal of the mean free time of a particle) 
should be small in comparison with the frequency w of variation of the macro- 
scopic fields E and B in the process concerned: 


v <w. (27.7) 


Because of this condition, the collision integral in the transport equation is small in 
comparison with df/dt. Collisions may be neglected even if the particle mean free 
path | ~ &/v is large compared with the distance L over which the field varies (the 
field ‘“‘wavelength”). Putting 1/L ~ k, we can write this condition as 


v < ko. (27.8) 


The collision integral is small in comparison with the term v. Vf on the left-hand 
side of the transport equation. 


When the collision integral is neglected, the transport equations for the electron 
and ion distribution functions f, and f; becomet 


Heyy. He e(e+ 28). eo 
at c 


or ap” 
(27.9) 
Heyy Se + ce(p+ 1B). Hho, 
ot or c dp 
To these we must add the averaged Maxwell’s equations 
oe ee el aB are be 
curlE= ner div B = 0, curl B=~ rv + od divE = 47, (27.10) 


Sitelly speaking, in the presence of a magnetic field the phase space of the particle is to be defined as ihe 
r.P) space, where P=p—eA(t.r)ic is the generalized momentum. But d?xd°P = d°x d'p, since the 


en of A changes only the zero of momentum at each pointin space. We can therefore continue to relate 
¢ distribuiion function to d°x dp. 
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where p and j are the mean charge density and current density, which can be 
expressed in terms of the distribution functions by the obvious formulae 


p=e| (hi-fd’p, 
(27.11) 
j=e | (2f, ~ fev ap. 


Equations (27.9)-(27.11) form a coupled set of equations to determine simul- 
taneously the distribution functions f,, f, and the fields E, B; the fields thus 
determined are said to be self-consistent. The self-consistent field was brought into 
the transport equations by A. A. Vlasov (1937); equations (27.9)-(27.11) are called 
the Vlasov equations. 

In accordance with the foregoing discussion, the time variation of the dis- 
tribution functions in a collisionless plasma with a self-consistent field is not 
associated with an increase of entropy, and therefore cannot in itself bring about 
the establishment of statistical equilibrium. This is also seen directly from the form 
of equations (27.9), in which E and B occur formally only as external fields imposed 
on the plasma. 

Each of the transport equations (27.9) has the form 


dfidt = 0, (27.12) 


where the total derivative signifies differentiation along the paths of the particles. 
The general solution of such an equation is an arbitrary function of all integrals of 
the motion of a particle in the fields E and B. 


§28. Spatial dispersion in plasmas 


We can rewrite equations (27.10) in a form more usual in macroscopic elec- 
trodynainics, by including the electric induction D as well as the field E. We define 
the electric polarization vector P by the relations 


aPi/at=j, divP=—p; (28.1) 


the compatibility of these is guaranteed by the equation of continuity div j = —dp/oat 
(the definition will be further discussed later in this section). Then cquations (27.10) 
become, with D=E+4a7P, 

curlE=—(l/c)aB/at, div B=0, 


(28.2) 
curl B=(l/c)aD/at, divD=0. 


In weak fields, the relation between the induction D and the field E is linear, but 
even in ordinary media the relation is not instantaneous: the value of D(t,r) ata 


+The Condition for the field to be weak will be formulated in § 29. 
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time t depends in general on the values of E(t, r) not only at that instant but also at 
all previous instants (see ECM, §58). In a plasma, it is additionally a non-local 
relation: the value of D(t, r) at a point r depends on the values of E(t, r) not only at 
that point but in general also throughout the plasma. This is because a “free” (Le. 
collisionless) movement of particles in the plasma is governed by the field values all 
along their trajectories. 

The general linear relation between the functions D(t, r) and E(t, r) may be written 
(on the assumption that the unperturbed plasma is in a steady state) 


t 
D,(t, vr) = Ea (t, n+ | | K.g(t —t'. 5, r)Eg(t', r') d°x' dt’ 


For a spatially homogeneous plasma, the kernel K,g of the integral operator 
depends only on the difference r—r' of the arguments. Writing r—r' =p, t— t’ = 7, 
we can rewrite the above relation as 


D, (t, r) = E,(t, r) +f i K.e(7, p)Eg(t — 7,r— p) d’pdz. (28.3) 


In the usual way, an expansion as a Fourier series or integral allows the field to 
be represented as a set of plane waves in which E and D are proportional to 
er) For such waves, the relation between D and E becomes 


D, = €ag (w, k)Es, (28.4) 


where the permittivity tensor is 
€,p(, k) = 8,8 +| | K. (7, pe” *'”) dpdz. (28.5) 
0 


From this definition it follows at once that 
€ag(— @, —k) = €is(w, k). (28.6) 


Thus the non-localness of the relation between E and D has the result that the 
permittivity of the plasma depends on the wave vector as well as on the frequency. 
This is referred to as spatial dispersion, in the same way as the frequency 
dependence is called time dispersion or frequency dispersion. 

Returning to equations (28.1) and (28,2), we may recall that in the formulation of 
Maxwell’s equations for variable fields in ordinary media the introduction of the 
dielectric polarization P is accompanied by that of the magnetization M, the mean 
microscopic current being divided into two parts dP/dt and c curl M; in a plane 
wave, these become —iwP and ickXM. In the presence of spatial dispersion, 
however, when all quantities depend on k in any event, this division is inap- 
propriate. 

If the current j and the charge density p are fully included in the definition of the 
polarization P, as in (28.1), the latter in general depends on both the electric field E 


120 Collisionless Plasmas 


and the magnetic field B. The field B can be expressed in terms of E by means of 
the first pair of Maxwell’s equations (28.2), which contain only these two quantities, 
i.e. (for a plane wave) from kXE=wB/c and k.B=0. The polarization P is 
thereby expressed in terms of E alone, as is implied in the definition of €.g by 
(28.3)+(28.5). 

The dependence on the wave vector creates a distinctive direction in the function 
€.g(@, k), namely that of its argument k. Hence, when spatial dispersion is present, 
the permittivity is a tensor even in an isotropic medium. The general form of such a 
tensor may be written 


Ena (sk) = € (ew, k)(Sag — Kukylk?) + eo, k)Kakg/k?- (28.7) 


On multiplication by Eg, the first term in (28.7) gives a contribution to the induction 
D that is perpendicular to the wave vector, and the second term a contribution that 
is parallel to k. For fields E perpendicular or parallel to k, the relation between D 
and E reduces respectively to D = « E or D= «KE. The scalar functions e, and e are 
called the transverse and longitudinal permittivities. They depend on two in- 
dependent variables: the frequency w, and the magnitude k of the wave vector. 
When k—0, the distinctive direction disappears, and the tensor €,g must then 
reduce to the form e(w)8,g, where €(w) is the ordinary scalar permittivity, which 
takes account only of frequency dispersion. Correspondingly, the limiting values of 
the functions e, and € are equal: 


€,(w, 0) = E(w, 0) = E(w). (28.8) 
According to (28.6), the scalar functions e and e, have the property 
e(—w, k)= ef(a.k),  e(— a, k) = F(a, k). (28.9) 


The spatial dispersion does not affect the properties of € and ¢, as functions of the 
complex variable w. All the results (see ECM, §62) for the permittivity €(w) of 
ordinary media without spatial dispersion remain valid for these functions. 

In this chapter, we shall consider only isotropic plasmas. It must be emphasized 
that this implies not only the absence of an external magnetic field, but also the 
isotropy of the momentum distribution of the particles (in a plasma unperturbed by 
a field). Otherwise, further distinctive directions appear, and the tensor structure of 
€4g IS More complicated. 

It has already been mentioned that the origin of the spatial dispersion in the 
plasma is related to the dependence of the ‘“‘free” movement of the particles on the 
field values along their trajectories. In practice, of course, the movement of 4 
particle at any point is significantly affected by the field values not along the whole 
trajectory but only along fairly short sections of it. The order of magnitude of thes¢ 
lengths may be governed by two processes: collisions, which perturb the free 
movement along the trajectory, and averaging of the oscillating field during the 
time of flight of the particle. The characteristic distance for the first process is the 
mean free path |~ d/v of the particle, and that for the second process is thé 
distance t/w which a particle moving with mean speed ¢ traverses in one period of 
the field. 
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In the expression (28.3), the range of correlation between the values of D and E 
at different points in space corresponds to the distances ro, over Which the function 
K.e(7, p) decreases significantly. We can therefore say that the order of magnitude 
of these distances is given by the smaller of | and z/w, taken for the particles 
(electrons or ions) that have the higher value of it.} If v < «, then t/w is the smaller, 
and 


Toor ~ d/o. (28. 10) 


The Spatial dispersion is considerable when kr,,, = 1, and disappears when kreo <1; 
in the latter case, e~'**? ~ 1 in (28.5), and the integral no longer depends on k. With 
reor {LOM (28.10), we therefore find that the spatial dispersion is important for waves 
whose phase velocity w/k is comparable with or less than the mean speed of the 
particles in the plasma. In the opposite limiting case, with 


w > ko, (28.11) 


the spatial dispersion is not significant. 

It is important to note that the values of reo, in plasmas may be large compared 
with the mean distances (~N “"*) between the particles. This is the condition that 
makes possible the macroscopic description of spatial dispersion in terns of the 
permittivity even when the dispersion is considerable. It has been mentioned in 
ECM, §83, that in ordinary media the correlation length is represented by the 
atomic dimensions, and hence the condition for the macroseopic theory to be 
applicable already requires the inequality kr..,<I to be satisfied (the wavelength 
must be large in comparison with atomic dimensions); for this reason, the spatial 
dispersion in such media (as manifested, for example, in the natural optical 
activity) is never more than a small correction. 


§29. The permittivity of a collisionless plasma 


In the general case of arbitrary k, when spatial dispersion plays an important part, 
the calculation of the permittivity requires the use of the transport equation. We 
shall do so on the assumptions that the dielectric polarization of the plasma 
involves only electrons, and that the movement of the ions is unimportant (this is 
called an electron plasma). The condition for such assumptions to be admissible, 
and the generalization of the results, will be discussed in §31. 

For a weak field, we look for the electron distribution function in the form 
f = fot df, where fy is the stationary isotropic homogeneous distribution function 
"nperturbed by the field, and 6f the change in it due to the field. Neglecting the 
second-order terms in the transport equation, we have 


oof 1 of _ e(E+*—*) te 
at or c op 


In an isotropic plasma, the distribution function depends only on the magnitude of 


IThis is correct for «. For e (if | <i/w), because of particle diffusion along the field, reor ~ (lifw). 
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the momentum. For such a function, the direction of the vector dfo/ap is the same 
as that of p= mv, and its scalar product with vxB is zero. In the linear ap- 
proximation, therefore, the magnetic field does not affect the distribution function. 
The resulting equation for 6f is 


05f . |. 98f _ op. afe (29.1) 


att) or 7 Ea 

The function 6f is assumed to be proportional to exp[i(k.r— wt)], like the field 

E. Then (29.1) gives 
eE afo 
eo 29.2 
of i(k.v—w) op ( ) 
The condition for the field to be small results from the requirement that 6f be small 
in comparison with fo. The coefficient of dfo/ap in (29.2) is the amplitude of the 
momentum acquired by the electron in the field E. This must be small in com- 
parison with the mean momentum mo determined according to the distribution fo. 
In an unperturbed plasma, the electron charge density is balanced at every point . 
by the ion charges, and the current density is identically zero, since the plasma is 
isotropic. The charge density and current density in the plasma perturbed by the 

field are 


p= -e | ofa’, j= ~e | var d°p. (29.3) 


These quantities, like 6f, are proportional to exp[i(k.r—t)], and according to 
(28.1) their relation to the dielectric polarization is given by 


ik.P=—p, —iwP =j. (29.4) 


The method of taking the integrals in (29.3) requires more precise specification, 
however, since the function 6f has a pole at 


w=k.v. (29.5) 


In order to attach a meaning to the integral, we shall consider not a strictly 
harmonic field ( x e~“") but one which is applied with infinite slowness from t = —% 
onwards. This description of the field corresponds to adding to its frequency an 
infinitesimal positive imaginary part, Le. replacing w by w+id with 6>+0: we 
then have E « ee’® +0 as t>—©&, and the unlimited increase of the field caused 
by the factor e” is unimportant as f >, since the causality principle shows that it 
cannot affect what is observed at finite times t (whereas with 5 < 0 the field would 
have been large in the past, and this would prevent the use of the approximation 
linear in the field). Thus the rule for avoiding the poles (29.5) is expressed by 


w—>w +i0; (29.6) 


this was first established by L. D. Landau (1946). 
The rule (29.6) can also be arrived at from a different standpoint, by including in 
the transport equation an infinitesimal collision integral C(f) = — vdf. The addition 
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of such a term on the right of (29.1) is equivalent to the change ww + iv in the 
term d6f/dt = —iw6f; then, as v +0, we again have the rule (29.6).t 
The integrations using the rule (29.6) involve integrals of the form 


HeMte 5.6 
-~ z—16 


In such an integral, the path of integration in the complex z-plane passes below the 
point z= 16; as 60, this is equivalent to an integration along the real axis but 
passing along an infinitesimal semicircle below the pole z = 0. The contribution to 
the integral from this semicircle is given by half the residue of the integrand, and 
the result is 


* f(z) _ * f(z) ; 
Ree, dz=P ie dz + imf(0), (29.7) 
where P denotes the principal value of the integral. This may also be written 
symbolically 
I 
z—10 


= Pi+ im78(z), (29.8) 


where P now denotes that the principal values are taken in subsequent integrations. 
Let us calculate the longitudinal part of the plasma permittivity, using the first 
relation (29.4), in which we substitute 5p from (29.3) and (29.2): 


. ~_ pp. Ofo d’p 
elist see ees 0) 


Let the field E, and therefore P, be parallel to k. Then 47P=(e — I)DE. We thus 
arrive at the following formula for the longitudinal permittivity of a plasma having 
any stationary distribution function f(p) (the suffix 0 to f will be omitted): 


_,_ 4ae? of dp 9 
ere ae leer (ee) 


We take the x-axis along k. Only f in the integrand in (29.9) depends on py and p,. 
The formula may therefore be written differently by using the distribution function 
only with respect to py = mn,: 


f(p.)= | f(p) dp, dp. 
Then 


_47e [” afl.) a, 


ont kde dp, koa ~10 ae 


In an isotropic plasma, f(p,) is an even function. 


*In this analysis, there are essentially two limits taken: those of small fields (linearization of the 
equation) and of v0. It should be no1ed thal the former limit is taken first. The necessity of this 
sequence arises from that of fulfilling the condition 5f < fo in linearization; when v = 0, the increment 5f 
tends to infinity atk. v=o. 
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An important result may be noted immediately. The permittivity of a collisionless 
plasma is a complex quantity; the imaginary part of the integral (29.10) is determined 
by (29.7). This important result will be discussed further in § 30; here, we shall consider 
the analytical properties of the function of the frequency w that is defined by the 
integral (29.10). It is known from the general properties of the permittivity that this 
function can have singularities only in the lower half of the complex w-plane (see 
ECM, 862); this is a consequence of the definition (28.5). It is, however, uscful to see 
how it also follows directly from (29.10), and to elucidate the relationship between 
thesc singularities and the properties of the distribution function f(p,). 

With a change of notation for the variable of integration, we can write the 
integral in (29.10) as 


[ si@)_te 29.1) 
€ 


dz z-olk 


The integration is taken along the real axis in the complex z-plane, but passing 
below the point z= w/k (Fig. 7a). The integral (29.11) then defines an analytic 
function throughout the upper half-plane of w also: for any such w the pole z = w/k 
is passed beneath, as it should be. In the analytical continuation of this function to 
the lower half-plane, however, the need to pass beneath the pole demands an 
appropriate shift of the contour of integration (Fig. 7b). But the function df(z)/dz, 
which is regular for real z, in general has singularities for complex z (at Zp, say), 
some of which are in the lower half-plane. It is impossible to bring the integration 
contour C away from the pole z = w/k when this pole comes close to one of the 
singularities zy, and C is pinched between the two points. Thus the function (29.11) 
has singularities in the lower half-plane of w at values of w/k that coincide with the 
singularities of df(z)/dz. 


w/k 
C——>——_, * -————_ Imz-0 


(a) 


Cc imzZ-O 
w/k 
e 


e Zo 
(b) 
Fic. 7. 


§30. Landau damping 


It has already been noted that the permittivity of a collisionless plasma is 4 
complex quantity e, = e;+ ie?. Separating the imaginary part by means of (29.8), we 
have 


e1 = —4777e? | is RB 5(w ~k.v) d’p, (30.1) 


§30 Landau Damping 


or 


»_ _477e"m [ees] 
alk 


€i k dp, (30 2) 


The complex permittivity signifies that there is dissipation of the electric field 
energy in the medium. The formulae for the mean energy Q of a monochromatic 
electric field dissipated per unit time and volume are as follows. If this field 1s 
written in the complex form 


E _ Ee" r Ba 


then in the gencral case of an anisotropic mediumt 
Q = 4 Hega(o, k) ~ ep, KES Ep; (30.3) 


the dissipation is governed by the anti-Hermitian part of the tensor e,,. If thts 
tensor is Symmetric, the part in question is just the imaginary part: 


Q = (wf8)e%g(o, K)EnE p- (30.4) 


In the case of a longitudinal field, only the imaginary part of the longitudinal 
permittivity remains: 


Q = (w/87)ejIEf. (30.5) 
Substitution of (30.2) then gives 
_ _ ppp ™me*w ip 
aha a ali 


Thus dissipation occurs even in a collisionless plasma, a phenomenon predicted 
by L. D. Landau (1946) and known as Landau damping. Being independent of 
collisions, it is fundamentally different from dissipation in ordinary absorbing 
media: the collisionless dissipation does not involve an increase of the entropy and 


is therefore a thermodynamically reversible process, an aspect to which we shall 
return in §35. 


The mechanism of Landau damping is closely connected with spatial dispersion. 
tThis expression is derived from the general formula 
Q=E. Dyin, 
where the angle brackets denote time averaging; See ECM, §61. Here it is assumed that E and D are real. 


lf E is written in the complex form, it has to be replaced in the expression for Q by {(E +E*). The 
Corresponding vector D has the components 


Heup(o, k)Eg + €ap(— w, —KE5}. 
and D has the components 
riw{—€op(w, k)Es + €op(—o, —k) Es}. 


ih averaging the product E.D and using the property (28.6), we obtain (30.3); cf. the next-bul-one 
ootnole 
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As is seen from (30.6), the dissipation is due to electrons whose speed in the 
direction of propagation of the electric wave is equal to the phase velocity of the 
wave, tv, = w/k; such electrons are said to be moving in phase with the wave.t The 
field is stationary with respect to these electrons, and can therefore do work on 
them that is not zero on averaging over time as it is for other electrons with respect 
to which the field oscillates. It is instructive to examine this mechanism more 
closely, with a direct derivation of (30.6) that does not use the transport equation. 
Let an electron be moving along the x-axis in a Weak electric field 


E(t, x) = re{Eye Me} (30.7) 


in that direction; the factor e describes the slow application of the field beginning 
at t=—x. We shall seek the speed v,=w and the coordinate x of the moving 
electron in the form 


wW=wot dw, X= Xot+ dx, 


where 5w and 6x are the corrections to the unperturbed motion x= wot with 
constant speed wo. The equation of motion of the electron, linearized with respect 
to small quantities, is 


m a = —e€E(t, Xo) 
=—@ re{Ege Moro) ') 
Hence 
E 
bw = — = re Ties Ta 
(30.8) 
ee: E(t, xo) 


m< Tik(wo- ofk) + oF 
The mean work done by the field on the electron per unit time is 


q = —e(wE(t, x)) 


= —e((wo+t Sw) E(t, Xo + 5x)) 
ee -ew( = bx) ~ e(dw . E(t, X9)), 
0Xo 


or, in complex form, # 


q = —he re{wo5xdE*]dx9 + dw. E*}. 


+Note that the difference w —k . vis the field frequency ina frame of reference moving with the electron. 
tIf two quantities A and B periodic in time are written in complex form (< e"™), then 


(re A. re B) = 4((A + A*)(B + B*)). 


On averaging, the products AB and A*B*, which contain e “" and e””, give zero, leaving 


(re A. re B) = (AB* + A*B) = 3 re(AB*). 
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Substitution of E, 5x and dw from (30.7) and (30.8) gives, after a simple reduction, 


= pp Wod 
q=5,, El ay, 82+ kw — wk)” 


It now remains to sum q over electrons with all initial momenta p, = mwo: 
Q={ af. ap, 
— 1,762 f Wo5 df 
=—2e|E| i + k*(wo- wf ky dp, dp, 


(with integration by parts). The passage to the limit is made by means of the 
formula 


lim 53 2, = n8(2) (30.9) 
and leads directly to (30.6). 

In accordance with the reversibility of the collisionless dissipation, the ther- 
modynamic conditions do not require Q to be positive as they do for true 
dissipation. The expression (30.6) is always positive when the distribution f(p) is 
isotropic (see Problem). For anisotropic distributions, however, Q may be nega- 
tive: the electrons then transfer energy to the wave on average, not from it.t Such 
cases are closely associated with the possible instability of the plasma (see §61); 
the condition Q >0 (and hence e">0) is thus the result of the stability of the 
plasma state only. 

From the standpoint of the above-mentioned physical picture of Landau dam- 
ping, the presence of the derivative df/dp, in (30.6) may be intuitively interpreted 
as follows. The energy exchange with the field involves particles with speeds v, 
close to w/k; those with v, <w/k gain energy from the wave, while those with 
v, > wlk lose energy to it. The wave loses energy if the former are rather more 
numerous than the latter. 


PROBLEM 
Show that the collisionless dissipation Q is always positive in an isotropic plasma. 


SOLUTION, In an isotropic plasma, f is a function only of p’=p.+p". where px and p, are the 
longitudinal and transverse (with respect to k) components of p. We write 


df (px) _ ral f(pe+ p-)ad(p.’) 
dpx dpx 0 


= 2apx [ f'(pe + p-’) d(p.’), 
and, since f(p’) 0 as p’>~, obtain 
df (p:)Idps = —2npS(pe), 
so that dff[dpx <0 when px = w/k >0. 


+The intuitive derivation of (30.6) given above does not depend on the isotropy of the distribution, nor 
does the expression (30.2) (see $32). 
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§31. Permittivity of a Maxwellian plasma 


We can apply formula (29.10) to an electron plasma with an equilibrium (Max- 
wellian) electron distribution 


— Ne - De 
Fl) = Gray XP aT). (31.1) 


where T, is the temperature of the electron gas; the quantities pertaining to 
electrons are given the suffix e with a view to the later consideration of the ion 
component also. The result is 


elo = 1414+ F(Ge—)], (31.2) 


where the function F(x) is defined by the integralt 


Se (ale Sia & 
FOS G2 | Gas 
=JoP | ae +iV axe” (31.3) 
and the parameters used are 
Ure = V(T.dm), Ge = V(Tel4 Ne’). (31.4) 


The quantity v7, is a mean thermal speed of the electrons; a, is the Debye length, 
determined by their charge, temperature and density. 

The limiting expressions for the function F(x) for large and small x are easily 
found directly from the definition (31.3). For x > 1, we write 


x ae 2 
e* dz 


x an, al * 2 a 
Vid a Ja |e (1424254 ) az. 


The integrals of the terms odd in x are zero; the remainder give 


| i ae oe 
F(x) + 1+ —x-4~- Gat iV axe * xP. (31.5) 


For x <1, we first make the change of variable of integration z = 1 +x, and then 


{The various representations of F(x), and detailed numerical tables of it. are given by V. N. Faddeeva 
and N. M. Terent’ev, Tables of Values of the Function w(z) = e~"[t—(2i/V 7) fé e® dil for Complex 
Argument, Pergamon. Oxford, 1961. The function w(x) which they tabulate is related to F(x) by 
F(x) = iV axw(x). See also M. Abramowitz and |. A. Stegun, Handbook of Mathematical Functions. 
National Bureau of Standards, Washington, 1964; Dover Publishing Company, New York, 1965- 
Another convenient, and more comprehensive, tabulation is that of Z(x) = F(x)/x by B. D. Fried and S. 
D. Conte, The Plasma Dispersion Function, Academic Press, New York, 1961. 
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expand in powers of x: 


2 
x *~e" dz _ xe" ~u2—2uy AU 
Ja? | ZX pf e It 
x u2 
=JoP | e (J -2x) dit. 


The principal value of the integral of the first term (odd in 1) is zero, and the 
second term gives 


F(x) =-2x7+iVax, x<1. (31.6) 


These formulae can be used to write down limiting expressions for the permit- 
tivity. At high frequencies, we have 


2 
en fe (142454) 


. |x of w? = 
+ iy Soo exo mer) for w/kvy, > 1. (31.7) 
The parameter 
0, = vrlae = V(4aN,e7/m) (31.8) 


is the plasma frequency or Langmuir frequency for electrons. In the case w/kuz, > 
I, spatial dispersion leads, as it should, to only small corrections in the permittivity, 
and the imaginary part of e« is exponentially small, since in a Maxwelliam 
distribution only an exponentially small fraction of the electrons have speeds 

= wilk > vz. The limiting value of the permittivity, which is independent of k, is 


e(w) = 1-(0,fw/y. (31.9) 


This expression applies to both the longitudinal and the transverse permittivity; see 
(28.8). It is easily derived by straightforward arguments without the use of the 
transport equation. As k >0, the wave field may be regarded as uniform, and the 
electron equation of motion mv =— eE then gives v = eE/ima, so that the current 
density due to the electrons is 


j=—(e’NJimw)E. 
We also have 
e(w)— 1 


rae 


j= —1wP = —Iw 


A comparison of the two expressions gives formula (31.9). 
In the opposite limiting case of low frequencies, 


ey 0a ee Hilt 
g=i+(2) [1 (2) + aoa (SE SHS. (31.10) 
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It should be noted that the spatial dispersion eliminates the pole at w =0 of the 
permittivity in an ordinary conducting medium, and that the imaginary part of the 
permittivity is relatively small (though not exponentially small) at low frequencies 
also, in this case because of the smallness of the electron phase volume in which 
the condition k. v = w is satisfied. 

It has been shown in §29 that the function €,(w) defined by the integral (29.10) 
has no singularity in the upper half-plane of w, and its singularities in the lower 
half-plane are determined by those of df(p,)/dp, as a function of the complex 
variable p,. For a Maxwellian distribution, however, the function 


df(p,)/dp, ~ py exp(— px /2mT) 


has no singularity at a finite distance anywhere in the complex p,-plane, i.e. it is an 
cntire function. Hence the permittivity of a Maxwellian collisionless plasma is also 
an entire function of w, having no singularity for finite w. 

So far, we have considered only the contribution to the permittivity from the 
electron component of the plasma. The contribution from the ion component is 
calculated in exactly the same way, and the two contributions to e— 1 are simply 
added. We thus have the evident generalization of (31.2): 


c-tmatylGosig) Italy l (osha) tf eu 


The suffixes e and i denote quantities pertaining to electrons and ions; 


tn =(TIMY?, ai = vp OQ, = [Td 4N,(zey]”, 
(31.12) 
07 = 4aN,(zey'/M, 


where M and ze are the ion mass and charge. The expression (31.11) pertains to a 
“two-temperature” plasma, in which each component has the equilibrium dis- 
tribution but with a different temperature, so that the electrons and ions are not in 
equilibrium with each other. This occurs naturally, in view of the large difference in 
mass which impedes the exchange of energy in electron-ion collisions. 

The most usual situation is that where T, = T, and v7; < v7z,. Since we also always 
have 9, <Q,, it is easy to deduce that when w > kvz, > kuz, the contribution of the 
ions is negligible and so formula (31.7) is valid. In the opposite limiting case, we 
have 


_ 1 l iV w 
a—1= (yt gaye tie (kaykon (31.13) 


w <kvz; < kore. 


The case where ku < w < kuz, will be discussed in §32. 
All the calculations in §§30 and 31 have been made for the longitudinal part of 
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the permittivity. The calculation of the transverse permittivity is of less interest, 
because the transverse field usually reduces to ordinary electromagnetic waves for 
which the frequency and the wave number are related by wlk =clVe; then 
wlk >C > vz, 1.e. w > kuz, so that the spatial dispersion is small and the permit- 
tivity is given by (31.9). For these waves there is also no Landau damping; since 
the phase velocity of the wave exceeds the speed of light, the plasma contains no 
particles capable of moving in phase with the wave. (The proof of this statement 
requires, Strictly speaking, a relativistic treatment; see Problem 4.) 


PROBLEMS 


PROBLEM |. Find the potential of the electric field due to a small test charge e; at rest in the plasma. 

SOLUTION. When the plasma polarization is taken into account, the field is determined by the 
equation div D= 47e:8(r). For a constant field, the Fourier components of the induction and the 
potential are related by Dy = a(0, kK)Ex = — ika(O, k)gx. Hence we have for gx the equation 


ik .D.= ke (0. k)gx. = 47e1. 
Taking 4(0, k) from (31.13), we have 
sl Yate ately 
gr = ke+ Ha 9 a= ae az. 
The corresponding function of the coordinales is 


a 


e=(edrje-”’; 


thus the permittivity (31.13) describes the screening of a static charge in accordance with SP 1, §78. The 
condition for the charge to be small i is es <Na’e, i.e. ey must be small in comparison with the charge on 
the plasma particles in a volume ~a’. 

PROBLEM 2. Calculate the transverse permittivity of a plasma. 

SOLUTION. With the electron polarization P = —jf/iw calculated by using j from (29. 3), we obtain for 
the permittivity tensort 


_Ane* Vo of 3 
ae kv o =i apne” (1) 


The transverse part of €,g iS separated as 
1 2 
€1 = 2[€ca — €,pkokplk'], 
and is given by the integral 


3 
=) 27 _- of __@p 


op ™ api k.v—w—id” (2) 


where pi=mvy is lhe momentum component transverse to k. For a Maxwellian distribution f. integration 
over dp, gives finally 


a—1= 95 F(a) @3) 


+This expression does not assume that the plasma is isotropic. 
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with the function F given by Gi. 3); the tons make an analogous contribution to ¢, — 1. In the limiting 
Cases, 


pe he (= ge exp(— wo ) 
ea l= os [i+( )]+ y kas 2k" vt. ”) 


(w > kur > ken), 


= eee +i.(@ OQ, 
(Kae)? (kay 2 wha, 


(5) 


(w <kon <krre). 


PROBLEM 3. Determine the permittivity of an ultra-relativistic electron plasma, with the temperature 
r>mec- (V. P. Silin, 1960). 

SOLUTION. The transport equation retains ity form (27.9) even in the relativistic case. \ccordingly, 
such formulae as (29.9) and (2) in Problem 2 remain valid. In the ultra-relativistic case, the electron 
speed v ~c, the electron energy is cp, and the equilibrium distribution function is 


f(p)=(N.c 8 rTye P, 
The longitudinal permittivity is found to be 


_Ane™ reef ik f(p) cos 6. 2p’ dpd cos 0 (6) 


ke cos 0-—w — 10 ; 


where @ is the angle between k and v. Integration of f over 27p" dp gives *N,. and then integration over 
d cos @, passing below the pole cos @ = w/k, leads to the result 


F ws -taNe w—ch 
anes en [ate log are I 
7 
€i(w, k) = ee when ofk<c, m 
=0 when wik>c. 
Similarly, starting from (2), we find for the transverse permittivity 
mre’ Nec o w-—ckht 2 
cok) 1= "Ser" [(1- Sp) 08 oS aak 
€i(w, k)= wh wic*k’?) when wfkh<c, (8) 
=0 when wlk>c. 


PROBLEM 4. Find the imaginary part of « for a non-relativistic (T,<me’) electron plasma when 
wfk~c > vie (V. P. Silin 1960). 
SOLUTION. From (29.9), which ts valid for any electron speeds, we find by integration over d cos @ 


* ~ ae e*w f(p)p- )p? = mcw 9 
€"(w, k) = Sree | Ape dp, pm = Vick —o) i] 
(the pole cos @ = w/kv lies on the contour of integration with respect to cos @ only if w/kr < 1; the lower 
limit of integration over dp therefore corresponds to v = w/k). The distribution function for Te <mc’, 
valid for all electron speeds, is 


Ne Se) 
10)= Bamtyr OPT 
€ =c(p’+ m7¢7)'? 


the value of the normalization integral being governed by the range € ~ mc? = p7/2m ~ T. < me’. In the 
integral (9), with w/k ~ c > vr, the important range of values of p is that near the lower limit. Putting tn 


the exponential 
€(p) ~ €(pm) + [deldp |, -»(p — pm) 
= €(pm) + (wlk)(p— pm), 


and in the coefficient of the exponential p ~ pm, v ~ w/k, and integrating with respeet to p — pm from 0 to 
x, we obtain 


A et eee exp{ — "| Laci 
2 (kin) 1 — (ake) T. [VEt= (olkey] : 


This gives the form in which e7 tends to zero as wi/ke + 1. 


§32. Longitudinal plasma waves 


Spatial dispersion makes possible the propagation of longitudinal electric waves 
in plasmas. The dependence of the frequency on the wave number (the dispersion 
relation) for these waves is given by the equation 


é:(w, k) = 0. (32.1) 


For, when e; = 0, the longitudinal electric field E has D = 0. Putting also B = 0, we 
satisfy identically the second pair of Maxwell’s equations (28.2). There remains 
from the first pair curl! E=0, which is satisfied because the field is longitudinal: 
cullE=ikxE=0. 

The roots of (32.1) are complex (w = w'+iw”). If the imaginary part of the 
permittivity «7 >0, they lie in the lower half of the complex w-plane, ie. w” <0. 
The quantity y=—w” is the damping rate of the wave, since the damping is 
proportional to ee“. Of course, a propagating wave exists only if y <<’: the 
damping rate must be much less than the frequency. 

Such a root of equation (32.1) is obtained if we assume that 


w > kuz, > kuz. (32.2) 


Then the oscillations involve only electrons, and the function e(w, k) is given by 
(31.7). The equation e&,=0 is solved by successive approximation. In the first 
approximation, omitting all terms which depend on k, we find thatt 


w=,, (32.3) 


i.e. the waves have a Constant frequency independent of k. These are called plasma 


waves or Langmuir waves (I. Langmuir and L. Tonks 1926). They are long waves, 
in the sense that 


ka. <1, (32.4) 
4s follows from (32.2) with w = Q,. 


ote ison of ion oscillations would give only a slight shift of this frequency according to 
= ot Fe 
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To determine the k-dependent correction to the real part of the frequency, it is 
sufficient to put w = (, in the correction term in e’; then 


w =0,(1 +2k7a/) (32.5) 


(A. A. Vlasov, 1938). 
The imaginary part of the frequency in this case Is 


wo" = —},e%(o, k), (32.6) 


and is exponentially small with e7. To determine it (and also the coefficient of the 
exponential), we have to substitute in e{ the already corrected value (32.5), 
obtaining 


Vian aay 2] a 


(L. D. Landau, 1946). Since ka, <1, the damping rate for plasma waves is in fact 
found to be exponentially small. It increases with decreasing wavelength, and for 
ka, ~ | (when formula (32.7) is no longer valid) it becomes of the same order of 
magnitude as the frequency, so that the concept of propagating plasma waves 
ceases to be meaningful. 

The above treatment relates, strictly speaking, only to an isotropic plasma, in 
which the permittivity tensor reduces, by (28.7), to two scalar quantities e and &;. In 
an anisotropic plasma, i.e. when the distribution function f(p) depends on the 
direction of p, there are no strictly longitudinal waves. Under certain conditions, 
however, “‘almost longitudinal” waves can propagate, in which the field component 
E" transverse to k is small compared with the longitudinal component E®; 


EM <E", (32.8) 


To ascertain these Conditions, we note first of all that, when E" is neglected, the 
equation div D = 0 gives 


kD = keegpEg = kakpeogE Ok = 0. 


This determines the dispersion relation for the waves, and may again be written in 
the form (32.1) if the “longitudinal” permittivity is defined as 


Eg = k.Kg€aplk*; (32.9) 


tills now depends on the direction of k. However, €, = 0 does not imply that D = 0; 
the quantity 


D, = opLp” — €.pkgE 1k = €,E" 


is not zero (whereas in an isotropic plasma e, = 0 when e& = 0). Next, from Maxwell’s 
equation curl B = (I/c)@D/dt we estimate the magnetic field in the wave as 


B ~ (w{ck)eE", 
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and then obtain from the equation curl E = —(I/c)dB/dt an estimate of the trans- 
verse electric field: 


E" ~ (w/ck)B ~ (w/ckeE”. (32.10) 


Thus the condition (32.8) for the wave to be ‘almost longitudinal” is satisfied if the 
wave is “slow” in the sense that 


wlk <c{[Ve. (32.11) 


Lastly, it may be noted that (29.10) remains valid for e defined by (32.9) in an 
anisotropic plasma, as is clear from its derivation from the expression 


k . P= (k.egEy -k. E)/4a 


with a longitudinal field E. It is important here that the Lorentz force ev X B/c in the 
transport equation may be neglected in comparison with eE (although its product 
with dff/ap is not identically zero for an anisotropic function f(p)): the estimate 
(32.10) gives 


lv x BIicE” ~ wed/kc* <1. 


This ratio is small both from the condition (32.11) for a “slow” wave and from the 
inequality 0 <c. 


PROBLEMS 


PROBLEM |. Determine the dispersion relation for transverse oscillations of a plasma, 

SOLUTION. For transverse waves, the dispersion relation is given by w =c’h*/e. The high- 
frequency oscillations (w > kyr.) correspond to ordinary electromagnetic waves. With & from (31.9) (see 
also §31, Problem 2) we find 


w= CK +O. 
This is valid for any k; there is no Landav damping, as already noted at the end of §31. 


For low-frequency oscillations (w <kr1,), the movement of the ions is again unimportant. For long 
waves (ka, <1), the principal term in the dispersion relation is 


Ve Kictrr 
o = -Iyf—-——; 
aw Of 


the purely imaginary value of w denotes aperiodic damping, so that wave propagation cannot occur. 
PROB! EM 2. Find the dispersion relation for plasma waves in an ultra-relativistic electron plasma (V. 
P. Silin 1960). 
SOLUTION. When w > ck, the formula in §31, Problem 3, gives 


@ 


ret ( 3k*c -) 


ei(w, k) = | ~ 3 1 + 
@® 


where 
QOL pt = 47e7N.C7f3 Te, 


Equating to zero this expression for e, we obtain the dispersion relation 


w= tsk? (ck <Nerei)- 
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As k increases, this formula becomes invalid, but we still have w > ck (and Landau damping is therefore 
absent), In the limit of large k, the frequency w tends to ck according to 


w= ch + 2exp( - Fae -2)]. 
earch 


PROBLEM 3. The same as Problem 2, but for transverse waves. 
SOLUTION. With the expression for e(w, k) derived in §31, Problem 3, we find the dispersion relation 


> 647,72 
w=Oiatiek’ for w>ck. 
The limiting expression for large k is 
2 YW? 2 
ao = 20 en +¢ k . 


Here too. we have w > ck, and so there is no damping. 


§33. lon-sound waves 


As well as the plasma waves associated with electron oscillations, there can also 
propagate, in a plasma, waves in which both the electron density and the ion 
density oscillate significantly. This branch of the oscillation spectrum has weak 
damping (so that the concept of wave propagation has meaning) when the ion gas 
temperature in the plasma is small in comparison with the electron temperature: 


T= T. (33.1) 


It will be confirmed by the result of the calculation that the phase velocity of 
these waves satisfies the inequalities 


UT; < w/k < Ute. (33.2) 


The smallness of the Landau damping under these conditions is obvious from the start: 
since the phase velocity is outside the principal ranges of the thermal speeds for both 
ions and electrons, Only a small fraction of the particles can move in phase with the 
wave and thus take part in energy exchange with it. 

The contribution of the electrons to the permittivity under the conditions (33.2) is 
given by the limiting formula (31.10), and that of the ions by (31.7) with the electron 
quantities replaced by ion quantities. To the necessary accuracy, we have 


_ 1_ S4i I ae w 
q=1 5+ Tap | Et Fe | (33.3) 


Neglecting at first the relatively small imaginary part, we obtain from the equation 
Eg = 0 


Bid 2 
G20 k*a, Ze k 


a Was oe thee 33.4) 
‘14+k’a2 M 14+k’a’ ( 


in the latter expression we have used the fact that N, = zN.. 
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For the longest waves, with the condition ka, <1, the dispersion relation (33.4) 
reduces tot 


w=kV(zT.|M), ka, <1. (33.5) 


The frequency is proportional to the wave number, as in ordinary sound waves. 
Waves having this dispersion relation are called ion-sound waves. The phase 
velocity of these waves is w/k ~(T./M)'”, so that the condition (33.2) is in fact 
satisfied. Taking account of the imaginary part of « in the next approximation, we 
easily find the damping rate: 


y = wV(azm/8M). (33.6) 


This damping is due to the electrons. The contribution of the ions to y is 
exponentially small, containing the factor exp(~zT./2T,). 

For shorter wavelengths, in the range I/a, <k <1/a, (which exists by virtue of 
the postulated inequality (33.1)), we have from (33.4) simply 


w= Q,. (33.7) 


These are ion waves analogous to electron plasma waves. It is easily verified that 
here again the conditions (33.2) are satisfied, and the damping is slight. As the 
wavelength decreases further, however, the damping increases, and for ka; = | the 
ion contribution to the damping rate becomes comparable with the frequency, so 
that wave propagation ceases to have any meaning. 

Figure 8 shows diagrammatically the spectrum (dispersion relation) for the 
low-frequency oscillations considered here (lower curve), in comparison with the 
spectrum of high-frequency electron plasma waves (upper curve). The broken lines 
mark the regions where the damping becomes large. 


Fic. 8. 


*The law (33,5) was discovered by Langmuir and Tonks (1926); the need for the condition (33.1) was noted 
by G. V. Gordeev (1954). 
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§34. Relaxation of the initial perturbation 


Let us consider the problem of solving the transport equation with a self- 
consistent field for given initial conditions (L. D. Landau, 1946). We shall take 
only the case of a purely potential electric field (E =—V@¢) and zero magnetic field, 
assuming that only the electron distribution is perturbed (the ion distribution 
remaining unchanged). 

We shall also suppose that the initial perturbation is small: the initial electron 
distribution function is 


f(0,r, p) = folp) + g(r, p), (34.1) 


where f,(p) is the equilibrium (Maxwellian) distribution, and g <fo. The pertur- 
bation remains small at subsequent instants, of course, so that the equations may 
be linearized; we shall seek the distribution function in the form 


f(t,r, p) = fo(p) + f(t, r, p). (34.2) 


For the small correction 6f and the potential g(t,r) of the self-consistent field (a 
quantity of the same order of smallness) we find a set of equations comprising the 
transport equation 


OOF OSE: _ fo _ 
at +V¥ Pa ri (34.3) 
and Poisson’s equation 
Ag = 4ne | bf d'p (34.4) 


(the equilibrium electron charge is compensated by the ion charge). 

Since these equations are linear and do not explicitly involve the coordinates, the 
required functions 5f and @ may be expanded as Fourier integrals with respect to 
the coordinates, and equations may be written for each Fourier component 
separately. That is, it suffices to consider solutions having the form 


Sf(t,r, p) = fat, pe, |. 
g(t, r)=o{t)e™". (34.5) 


For such solutions, equations (34.3) and (34.4) become 


Of, /dt +ik. vf, + iepyk - Afofdp = 0, (34.6) 


k’o, = —4ae [fs d°p. (34.7) 


To solve these equations, it is sufficient to use a one-sided Fourier trans- 
formation, the transform f{2(p) of the function f(t, p) being defined as 


up) = | efit, p) dt. (34.8) 
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The inverse transformation is given by 


fiip)= [eps 2 (34.9) 


where the integral is taken along a straight line in the complex w-plane, parallel to 
and above the real axis (o >0), and also passing above all singularities of f...T 
We multiply both sides of (34.6) by e" and integrate with respect to t. Noting 


that 


{ Shi gis dt = [fem] iw [ fre dt 
o oat 0 


= HY i) 
= — 8x ~ 1Of aks 


where g.(p) = f,(0, p), and dividing both sides of the equation by i(k.v—w), we 
find 


1 : afo 
+) — CH) 
oe i(k. v¥—o) (ss 1ePouk I 90) 
Similarly, from (34.7), 
k?ob) = —47e | ur(p) dp. (34.11) 


G) 


Substitution of f$2 from (34.10) in (34.11) gives an equation for ¢{) alone, which 


yields the result 


4tre g(p) d3p 


Gye p_ 
Puk =~ FFe(w,k) J} i(k.v—o) Ee) 


with the longitudinal permittivity e, from (29.9). Again using the momentum 
component p, = mv, along k, as in §29, we can rewrite this formula as 


Are * (px) dpx 


(4) 
Por amek) | cikeeuy (34.13) 


where 


&(Px) = &(p) dp, dp,. 


{The transformation (34.8), (34.9) is just the familiar Laplace transformation 


fr={ f(ye "dt, f(t)= Fai sol. fre” dp, 


in which p has been replaced by ~iw and the contour of integration correspondingly changed in the 
expression giving the function f(t) in terms of its transform f,. 
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In order to determine the time dependence of the potential by means of the 
inversion formula 


v+ie 


gilt) = - e olde, (34.14) 


atin 


it is necessary first to establish the analytical properties of ¢,, aS a function of the 
complex variable w. 
An expression of the form 


gue = { ote dt 
0 


as a function of the complex variable w is meaningful only in the upper half-plane. 
The same applies correspondingly to the expression (34.13), where the integration 
is along a contour (the real p,-axis) which passes below the pole p, = mu/h. We 
have seen in §29 that the function of the variable w defined by such an integral, 
when analytically continued into the lower half-plane, has singularities only at 
singularities of g,(p.). We shall assume that g,(p,) as a function of the complex 
variable p, is an entire function (i.e. has no singularity at finite p,); then the integral 
under consideration also defines an entire function of w. 

It has been noted in §31 that the permittivity « of a Maxwellian plasma is again 
an entire function of w. Thus the function ¢,,, analytic throughout the w-plane, is 
the quotient of two entire functions. Hence it follows that the only singularities 
(poles) of g. are the zeros of its denominator, i.e. of E(w, kh). 

These arguments lead to the asymptotic form in which the potential ¢,(t) 
decreases for large values of the time ft. In the inversion formula (34.14), the 
integration is taken along a horizontal line in the w-plane. However, if ¢,, is taken 
to be the analytic function thus defined in the whole plane, we can move the 
contour of integration into the lower half-plane in such a way as not to cross any of 
the poles of the function. Let a, = w;+ iw; be the root of e(w. k)=0 that has the 
smallest (in magnitude) imaginary part, Le. that lies nearest the real axis. The 
integration in (34.14) is taken along a contour moved sufficiently far beneath the 
point w = a, and passing round this point (and round other poles lying above it) in 
the manner shown in Fig. 9. Then only the residue at the pole a, is important in the 
integral (when f¢ is large); the remaining parts of the integral, including that along 
the horizontal part of the contour, are exponentially small in comparison with that 
residue, Since the integrand contains a factor e™““ which decreases rapidly with 
increasing |im w|. Thus the asymptotic law of decrease of the potential is given by 


g(t) o eet ele (34.15) 


ie. the field perturbation is exponentially damped in the course of time, with 
damping rate y, =|w{{.t 


+If the initial function gx(px) has a singularity, the competing values of w include not only the zeros of 
a(w,k) but also the singularities of gx that result from the singularity of the integral in (34.13). In 
particular, if gi(pxs) has a singularity, for instance a break, on the real axis, then gux will have 4 
singularity at a real value of w = kvx. Such a perturbation ts not damped at all in a collistonless plasma. 
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©) 
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For long-wavelength perturbations (ka, <1), the frequency w, and the damping 
rate y, are the same as for plasma waves, and are given by (32.5) and (32.6). The 
damping rate for such perturbations is exponentially small. In the opposite case of 
short-wavelength perturbations, when ka, ~ 1, the damping is very strong, and + 
may even be much larger than wj.t 

Lastly, let us consider the properties of the electron distribution function itself, 
The required function f,(t, p) is found by substituting (34.10) in the integral (34.9). 
Besides the poles in the lower half-plane that arise from g¢,,, the integrand has a 
pole at the point w =k.v on the real axis. This pole determines the asymptotic 
behaviour of the integral for large t. The residue there gives 


fit. p) « ees (34.16) 


Thus the perturbation of the distribution function is not damped in the course of 
time, but the distribution becomes a more and more rapidly oscillating function of 
the velocity, the period of oscillation being ~ I/kt. Hence the density perturbation, 
ie. the integral f f, d°p, is damped, like the potential ¢,.+ 

The variation of the distribution function in accordance with (34.16) pertains to 
times when the field may be regarded as damped; this formula corresponds simply 


to the free dispersal of the particles, each with its constant velocity. A function of 
the form 


f(t,r, p) = g(p) ere? (34.17) 


tThe question may be raised of the source of the large damping when the “phase velocity” wif/k lies 
outside the main range of thermal speeds. In fact, however, the ratio w‘/k cannot be called the phase 
velocity when y > w'. If we again expand a function of the form e~“'e™™ as a Fourier integral, it will 
potas components with all frequencies from 0 to y, and accordingly with “phase velocities” from 0 to 
~Yy, ‘. 

#We may anticipate, however, by noting that the oscillatory nature of the distribution function for 
large 1 causes a large increase in the effective number of Coulomb collisions and thus accelerates the 
ultimate damping of the perturbation; see 841, Problem. 
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is the solution of the free-particle transport equation 


of, FL 
apt 9,70 (34.18) 


with a given initial (t = 0) velocity distribution and a periodic (« e™-') coordinate 
distribution. 


§35. Plasma echoes 


The thermodynamic reversibility of Landau damping manifests itself in some 
unusual non-linear phenomena called plasma echoes. They result from the un- 
damped oscillations of the distribution function (34.16) which remain after the 
collisionless relaxation of the density (and field) perturbations in the plasma. They 
are essentially kinematic in origin, and unconnected with the existence of a 
self-consistent electric field in the plasma. This will first of all be illustrated by the 
example of a gas of uncharged particles without collisions. 

Let a perturbation in the gas be specified at the initial instant, such that the 
distribution function, remaining Maxwellian with respect to speeds at each point in 
space, varies periodically in the x-direction: 


df = A, cos kx. fo(p) at t=0: (35.1) 


in this section, p =mv denotes the x-component of the momentum, and the 
distribution function is assumed to be already integrated with respect to p, and p;. 
The perturbation of the gas density, i.e. the integral f df. dp, varies in the same 
manner in the x-direction at t=0. Subsequently, the perturbation of the dis- 
tribution function varies according to 


df = A, cos k(x — vt). fo(p), (35.2) 


which corresponds to a free movement of each particle in the x-direction with its 
own speed v. The density perturbation, however, is damped (in a time ~ I/k,vr) 
because the integral f 5f dp is made small by the speed-oscillatory factor cos ki(x — 
vt) in the integrand. The asymptotic form of the damping at times t>I/k,v7 is 
given by 


8N = I df dp « exp(—2k/v7t’), (35.3) 


the integral being estimated by the saddle-point method. 

Now let the distribution function be again modulated at a time t = 7 > 1/k,v7, 
with amplitude A and a new wave number k,;>k,. The resulting density pertur- 
bation is in turn damped (in a time ~ 1/k,v7), but reappears at a time 


t= kytl(ky— kj), (35.4) 


§35 Plasma Echoes 143 


since the second modulation creates in the distribution function for t=7 a 
second-order term of the form 


8f? = A,A2cos(k\x — kv) cos kox. folp), (35.5) 
whose further development at t > 7 changes it into 


df” = Ay Aofo(p) cos[kix — kyvt] cos [kx — kyv(t — 7)] 
= $A Azfolp {cosl(ky — ky)x — (ke — ky)vt + k2v7] 
+ cos[(ky + k,)x ~ (ky + ky) vt + kyvt]}. 


We now see that at t=7’ the oscillatory dependence of the first term on v 
disappears, so that this term makes a finite contribution to the perturbation of the 
gas density with wave number k,— k,. The resulting echo is then damped in a time 
~ 1/vr (ko — k,), and the final stage of this damping follows a law similar to (35.3). 

Let us now consider this effect in an electron plasma (R. W. Gould, T. M. O’Neil 
and J. H. Malmberg 1967). The mechanism is as before, but the particular law of 
damping is altered by the influence of the self-consistent field. 

We shall suppose that the perturbations are created by pulses from an external 
potential », due to “extrinsic” charges, applied to the plasma at times t = 0 and 7: 


o™ = 9 8(t) cos k\x + g25(t — 7) cos kax; (35.6) 


here it is assumed that k,>k, and +> I/kyvz, 1/y(k)), with y(k) the Landau 
damping rate. 

The perturbation of the distribution function (f = fo+ 5f) satisfies the collision- 
less transport equation, which with the second-order term is 


O8f , d6f | Ap dfo_ _, ag A8f 
at ax '° ax dp ° ox op” Oo) 


The potential ¢ of the field created in the plasma, including the “extrinsic”’ part 9“, 
satisfies the equation 


Aly — 9) = 47re | df dp. (35.8) 


We shall seek the solution of these equations as Fourier integrals: 


= iti'x-w'ty dw'dk’ 
of = | fave is 9 ‘(2QnYy’ 

a ’ ee a dw "dk? 
v= [ ecveon dae 


Substituting these expressions, multiplying the equations by e"* “” 


ing over dx dt, we obtain 


j Af. deo'dk’ 
(ku — &) fax + ekqur dfoldp = —e (k — kK’ )@u-w k-a fe ay ; (35.9) 


, and integrat- 


Si, Sane | fa dp — kp, (35.10) 
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where 
pon = 7p LS(k + ki) + (kK — ky)] + mpl S(k + kz) + 6k — k)Je""" 


In the linear approximation, i.e. when the right-hand side of (35.9) is neglected, 
the solution of these equations 1s 


f=-e rf ear ph, of = o%/e(a, k), (35.11) 


where e is the permittivity (29.10). This solution corresponds to perturbations 
damped from t = 0 and t = 7, with respective damping rates y(k,) and +(kz). 

In the second approximation, we have to substitute (35.11) on the right of (35.9), 
obtaining for the second-order terms in the perturbations of the distribution 
function and the potential the equations 


(kv — w)f 2 + ekp dfoldp = dluldp, (35.12) 
kg =~4rre | #2 dp, (35.13) 

where 
Ese | (kk) Gen afl deo! dk! (my. (35.14) 


The effect under consideration, namely the echo with wave number kz — k;, will be 
contained in the terms on the right of (35.12) which involve 5[k + (k.— k,)]. Let us 
collect together the terms of this kind in Iy. At t=7, the perturbation g"" due to 
the pulse g, applied at t=0 is already damped. It is therefore evident that, on 
substituting (35.11) in (35.14), we have to take into account only the g term in gt; 
the relevant terms, of the form 


Tx = I.(ki, k,)8(k az ky + ky) + Ik, —k.)8(k + k— k,). (35.15) 


are then obtained from the terms in f‘2 that contain ¢,. After carrying out the 
integration over dk’ in (35.14), we find as the result 


is elle dey! 


Lepr eGheo=ole:: So 


T.(k1, ke) = e’ pigokiky cs 


where the integration variable w’ is as usual to be understood as w’ + i0.t 
The integral (35.16) can be calculated on the basis of the assumption that 7 is 
large (7 > 1/kvz, |/-y). To do this we move the contour of integration into the lower 


+n the calculation, it must be remembered that e depends only on |k|, and so, in the notation of this 
section (where k = k,), we have E(w, —k) = E(w, k). 
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half of the complex w’-plane; the contour must still pass above the poles and thus 
becomes “looped round”’ them. These are at the zeros of the functions q and at the 
point w’ = —k,v —i0. The former have a non-zero negative imaginary part — y(k,) or 
—+¥(k), and their contributions to the integral (the residues at the poles) are daniped 
as e ” with increasing r. An undamped contribution comes only from the real pole 
w' = —k,v —10. We thus have 


=- dfo__pigrkiketer 
I,,(ki, ks) e-+in dp e(—kyv, kia(w + kyv, k2)’ (35.17) 


Returning to the equations (35.12) and (35.13), and substituting f® from the 
former in the latter, we find 


2 4te * dif dp 
a ~f Stek_ SF 5 
C6 @ Palak) |. hon 10 (one) 
In calculating the derivative dI4/dp, only the exponential factor in (35.17) is to be 
differentiated, since k,vz7 > I. 
Now collecting the expressions (35.15)-(35.18) and applying an inverse Fourier 


transformation, we obtain the required echo potential with wave number k;= 
ko— ky: 


g(t, x) = re{A(te™*}. (35.19) 


The amplitude A(t) will be written in the asymptotic limit as t-— 7. In that limit, 
the integral with respect to w is determined by the residue of the integrand at the 
pole w = k,v —i0 only. The final result is 


kk x dfo est) dp 


ee ae i ey RR PC ed 
AS ae vitae kx Ju. dp e(k3v, ks)e(—kyv, ke (kav, ky)’ 


(35.20) 


where 7’ = kat/k;. 

This expression, the echo amplitude, is greatest at t = 7’, and its maximum value 
is proportional to 7, the time interval between the two pulses. On either side of the 
maximum, A(t) decreases, but in different ways. In the limit as t—7’—-2, the 
integral (35.20) is determined by the residue of the integrand at the pole with the 
negative imaginary part of least magnitude, which is at e,(k3v, k3) = 0, the imaginary 
part being im v = — y(k3)/k;.t On the other side of the maximum, with t —7’ > —<, 
the integral is determined by the residue at the pole at e(—k,v, k:)=0, for which 
im v = y(k,)/k,; the contour of integration must then be moved into the upper half 
of the complex v-plane. The result is 


A(t) « exp[— y(k3)(t-—7’)] as t—7'>%, 
(35.21) 


A(t) « expl—(ks/ki)y(ki(7'— t)] as tt — 7’ > —%. 
TIt is assumed that all wave numbers k < I/a,. Then y(k) is exponentially small, and decreases with 


increasing k. Since Me <k:, the pole at e(k2v, kx) = 0 then certainly lies further from the real c-axis than 
that at e(ksv, k3) = 0. 


146 Collisionless Plasmas 


Thus the echo amplitude, before reaching its maximum, increases with a growth 
rate kyy(ki)/k,, and beyond the maximum decreases at a rate y(k3). Figure 10 
illustrates this behaviour. The first two curves show the variation of the potential in 
the two pulses applied at t=0 and t =7; the third curve shows the form of the 
echo. The corresponding growth and decay rates are marked beside the curves. 
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Fic. 10. 

These calculations have neglected collisions. Hence the condition for the quan- 
titative formula (35.20) to be valid is that at a given time t the oscillations of the 
distribution function have not yet been damped out by collisions. By means of the 
results to be obtained in §41, Problem, we may formulate this condition as 


v(vz (kv, Pt? <1, 


where v(v;) is the mean frequency of Coulomb collisions for an electron. 


§36. Adiabatic electron capture 

Let us consider the distribution of plasma electrons in a slowly applied potential 
electric field. Let L be the order of magnitude of the extent of the field and 7 the 
characteristic time of variation of the field. We shall suppose that 


7 > L/d,, (36.1) 


and also that 7 is small compared with the electron mean free time, so that the 
plasma is again collisionless. 
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By virtue of the condition (36.1), the field may be regarded as stationary during 
the passage of an electron through it. To the same accuracy, the electron dis- 
tribution function in the field is stationary. It has been noted at the end of §27 that 
the solution of the collisionless transport equation depends only on the integrals of 
the motion of the particle; for a stationary distribution, these can only be the ones 
that do not depend explicitly on the time. 

We shall take only the one-dimensional case, in which the field potential 
depends on only one coordinate, x. Since the motion in the y- and z-directions is 
then unimportant, we shall consider the distribution function only f with respect to 
the momentum p, (and the coordinate x). 

In the one-dimensional case, the equation of motion has two integrals, of which 
only one is not dependent explicitly on the time (in a steady field), namely the 
electron energy 

e = p2/2m + U(x), (36.2) 


where U(x) = —eg(x).t Hence the stationary distribution function will depend on 
px, and x only in the combination (36.2): 


f = fle(x, px}. (36.3) 


The form of the function f(e€) depends on the boundary conditions. 

Let the field U(x) form a potential barrier (Fig. 11a). The function f(€) is then 
determined by the distribution of the electrons reaching the barrier from infinity. 
For instance, if the electrons far from the barrier in either direction have an 
equilibrium distribution, uniform in space, with temperature T,, then the Boltzmann 
distribution occurs throughout space: 


N, 
f= QamT)™ exp(—e/T.). (36.4) 


The density of the electron gas is everywhere distributed according to the formula 
N,.(x) = No exp[— U (x)/T.], (36.5) 


where No is the density far from the barrier. 

Next let the ficld be a potential well (Fig. 11b). Then the distribution of electrons 
with positive energy € is again determined by that of particles coming from infinity; 
with an equilibrium distribution at infinity, the electrons with e >0 have a Boltz- 
mann distribution throughout space. But in this case, as well as such particles, 
there are some with € <0, which execute a finite motion within the potential well; 
they are “‘trapped’’. At infinity there are no particles with e€ <0, and so the previous 
arguments in which the energy was regarded as a strictly conserved quantity are 
inadequate to give the distribution of trapped particles. We must take into account 
also the variation of the energy in a field that is not strictly stationary, and in 
consequence this distribution is found to depend in general on previous events, 
namely the way in which the field has been applied (A. V. Gurevich, 1967). 


tThe second integral of the motion may be, for instance, the initial (at some specified instant) value xo 
of the particle coordinate, expressed as a function of time and the variable coordinate along the path, 
Xo(t. x). 
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From the condition (36.1), the field varies only slightly during the period of the 
finite motion of the trapped particles. In such cases there is a conserved adiabatic 
invariant, the integral 


lace = oa 2 | ” am(e— U(t, x)" de, (36.6) 


taken between the limits of the motion (for given € and t). This quantity acts here 
as an integral of the motion, in terms of which the trapped particle distribution 
function is to be expressed: 


fu = fr(T(t, €)), (36.7) 


the energy e in turn being assumed expressed in terms of x and p, by (36.2). The 
form of the function (36.7) is determined by the fact that the distribution function is 
a continuous function of € when the field is applied slowly. Hence, for the limiting 
value of the trapped particle energy, the function f,{I) must be the distribution 
function for particles executing an infinite motion above the well. 

The case of the potential well as shown in Fig. 11b is, however, particularly 
simple because the limiting energy has the constant value zero if the field is applied 
gradually. It then follows from the boundary condition stated that f,, reduces to 4 
constant: 


fre = FO), (36.8) 
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where f(e€) is the distribution function for particles above the well. We shall now 
determine the spatial distribution of electrons in this case if f(e) is the Boltzmann 
function (36.4). 


Adding the numbers of electrons with « >0 and e€ <0 gives 


x Py 
N,=2 fle) dp. +2 [ f(0) dp, 
PI 0 


p, =(2m|[U)"; 


the factors 2 take account of particles with p, >0 and p, <0. Substituting f(e) from 
(36.4), we have 


NA t, x) = Nale!’™ [1 — (OV QU |/Te))} + 2V (U |/7Te)}, (36.9) 
where 
O(£) = ve [ * edu. (36.10) 
TT JO 


When é <1, expanding the integrand in (36.10) in powers of u, we find 
O(E)~ S— (E- 36”) 
Vag ee 
The distribution of electrons trapped in a shallow well ({U| <T.) is therefore 


Ne=Ni{r Hl 4 (IN) (36.11) 


The first correction term is the same as would result from the Boltzmann formula 
(36.5), but the next correction is already different from the Boltzmann form. 

When &>1, the difference 1—(€) is exponentially small, « exp(—&). For a 
deep well (|U|>T.), therefore, only the second term in the braces in (36.9) is 
important, and 


N.(t, x) = 2No([U |/T)*”. (36.12) 
As |U| increases, the density increases much more slowly than would follow from 
the Boltzmann formula. 
$37. Quasi-neutral plasmas 
The equations of plasma dynamics allow a considerable simplification for a group 


of phenomena in which the characteristic scales of length and time satisfy the 
following conditions. (1) The characteristic dimension L of inhomogeneities in the 


PK 10. 
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plasma is assumed large compared with the electron Debye length: 
a/L <1. (37.1) 


(2) The rate of the process is assumed to be governed by the motion of the ions, so 
that the characteristic scale of speed is given by v;;, which is small in comparison 
with the electron speeds. (3) The motion of the ions causes a slow change in the 
electric potential that is adiabatically followed by the electron distribution. 

Let 5N, and 6N, be the changes in the electron and ion densities in the perturbed 
plasma. These changes give rise to a mean uncompensated charge density 6p = 
e(z5N; — 6N,) in the plasma. The potential of the electric field due to the charges is 
determined by Poisson’s equation, 


Ag = —42re(z6Nj ~ 5N,). (37.2) 


In order of magnitude, Ag ~ g/L”. Hence 


Z6N, — 5N, = 1 x2 
SN, | 4meL? Ba Cr) 
If the field is weak (ep < T,), the change in the electron density is 
dN, ~ egN,/T, 
(cf. (36.11)), and then 
Z8N,—~8Ne| _ Ge 
‘ ans aes ke <1, (37.4) 


This inequality remains valid for a strong perturbation, with ep ~ T,: then 6N, ~ 
N,, and (37.4) again follows from (37.3). 

Thus the uncompensated charge density due to the perturbation is small com- 
pared with the perturbations of the electron and ion charge densities separately; 
such a plasma is said to be quasi-neutral. For the range of phenomena under 
consideration, this property enables the potential distribution in the plasma to be 
determined from just the “equation of quasi-neutrality”, 


N, = ZN, (37.5) 


together with the transport equation for ions and the equation giving the “‘adiaba- 
tic” distribution of electrons.t 

At the initiat instant, of course, (if we are considering a problem with initial con- 
ditions) the electron densities may be specified arbitrarily and need not satisfy the in- 
equality (37.4). The resulting strong electric field, however, creates a movement of 


tit must be emphasized that this result itself applies to plasmas with or without collisions. Note also 
that, since the derivation of the inequality (37.4) does not involve the assumption of a weak field, the 
quasi-neutrality property occurs even when the electromagnetic properties of the plasma cannot be 
described by means of the permittivity (i.e. by assuming a linear relation between D and E). 
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the electrons, which rapidly (in the characteristic “electronic” times) restores 
quasi-neutrality ; this process in the diffusion case has been analysed in § 25. 

The passage from the electrodynamic equation (37.2) to the condition (37.5) 
signifies not only a considerable simplification of the equations of plasma dynamics 
but also a fundamental change in their dimensionality structure: the potential 
appears in the transport equation and in the electron distribution only as a product 
with the charge e, and the charge does not occur at all in the condition (37.5), in 
contrast to equation (37.2). Hence, by the change 


ep > Wy, (37.6) 


the charge e is completely eliminated from the equations, and the length parameter 
(the Debye length a,) disappears with it. 

Since the equations contain no length parameter, self-similar motions of the 
plasma are possible. These occur when length parameters are also absent from the 
initial and boundary conditions, in which case all functions can depend on the 
coordinates and time only in the combination r/t. For instance, let the plasma 
initially be confined to the half-space x <0. At time t=0, the constraint is 
removed, and the plasma begins to expand into a vacuum. The electrons begin to 
move first, so that the electron density forms a transition layer near the boundary, 
with characteristic width ~a,. After a time t,;>a,/v7,, the electron motion is 
damped and the electron density follows the potential adiabatically in accordance 
with the Boltzmann formula. The variation of all quantities is then governed by the 
motion of the ions. Consequently, in a time t,>a,/vz7; > a,/v7., the boundary is 
spread over distances large compared with a,. The plasma becomes quasi-neutral, 
and the motion is self-similar. 

We can write down the dynamical equations for a quasi-neutral plasma in an 
expanded form, taking the particular case in which the electron density everywhere 
has a Boltzmann distribution: 


N, = Noe”; (37.7) 


as shown in §36, this distribution is not affected by a slowly varying field. if the 
field has no potential wells. From (37.7) and (37.5), the potential can be expressed 
directly in terms of the ion distribution function: 


uf = T. log(zNd No) 
= 7, log| (ZINo) fs ®p|. (37.8) 


Substituting this expression in the transport equation for ions (with self-consistent 
field E = —Vo), we obtain 


ft, oft op Gh a a 
apt § ar there 5, 108 f,d°p =0. (37.9) 


tFor further details see A. V. Gurevich, L. V. Pariiskaya and L. P. Pitaevskii, Soviet Physics JETP 
22, 449, 1966. 
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Although this equation 1s non-linear, its solutions are independent of the mean 
plasma density: if f,(t, r) is a solution, so is Cf,, with any constant factor C. 


§38. Fluid theory for a two-temperature plasma 


The theoretical treatment is particularly simple for a two-temperature plasma 
with 


T. > T.. (38.1) 


We have already seen in §33 that in this case undamped ion-sound waves Can 
propagate in the plasma, with speed ~(T./M)"”. This speed is characteristic of the 
propagation of perturbations in plasmas. Since it is large in comparison with the 
thermal speeds of the ions, by (38.1), the thermal spread of the ion speeds can be 
neglected in most problems of plasma motion. The motion of the ion component of 
the plasma is then described in the one-fluid approximation by a velocity v= v;, 
which is a specified function of position in space (and of the time), and satisfies 
the equation 


M dy/dt = ezE, 
or 


dvidt +(v. V)v = (ez/M)E. (38.2) 
This is to be combined with the equation of continuity 
aNj/ at + div(N,v) = 0 (38.3) 


and Poisson’s equation, which determines the electric field potential @ (and hence 
the field E = —Vo): 


Ag = —47e(zN, — N-.). (38.4) 


The electron distribution follows adiabatically the field distribution in plasma 
motions with speeds v <(T./M)'? <vy,.. As we have seen in § 36, the specific 
expression for the electron density N, then depends considerably on the nature of 
the field. For a field without potential wells, it is given simply by the Boltzmann 
formula (37.7), so that (38.4) becomes 


Ag = —4meNo(zNilNo- e™ "). (38.5) 
Equations (38.2), (38.3) and (38.5) form a complete set of equations for the 
functions v, N and g. They can be further simplified for a quasi-neutral plasma: in 


this case, (37.8) gives 


ey = T. log(zNiINvo), eE=-(TANJVN, (38.6) 
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and (38.2) may be rewritten as 


27, YN, 
MN,” ee 


OV 
apt R= 


The equations (38.3) and (38.7) are formally identical with the mechanical equations 
for an isothermal ideal gas having particle mass M and temperature zT,. The speed 
of sound in such a gas is (zT./M)"”, in accordance with the expression (33.5) for the 
speed of ion-sound waves, In this approximation, there is no dispersion of the 
waves. 

The above analogy with fluid mechanics needs a considerable reservation. The 
equations of fluid mechanics have by no means always solutions continuous 
throughout space. The absence of a continuous solution in ordinary fluid mechanics 
signifies the formation of shock waves, i.e. surfaces on which the physical quan- 
tities are discontinuous. In collisionless fluid mechanics, there are no shock waves, 
since these are essentially due to energy dissipation, which in this case does not 
occur. The absence of continuous solutions then implies that the assumption of a 
quasi-neutral plasma is violated in some region of space. In such regions (con- 
ventionally called collisionless shock waves), the dependence of the physicail 
quantities on the coordinates and the time is oscillatory, and the characteristic 
wavelength of these oscillations is determined not only by the characteristic 
dimensions of the problem but also by an intrinsic property of the plasma, namely 
its Debye radius (R, Z. Sagdeev 1964).+ 

Let us now return to the more general equations (38.2)-(38.4), which do not 
assume a quasi-neutral plasma. An important property of these equations is that 
they have one-dimensional solutions, in which all quantities dépend on the vari- 
ables t and x only in the combination € = x — ut with constant u. Such solutions 
describe waves propagating with speed u and without change of profile. If we 
change to a frame of reference moving with speed u relative to the original frame, 
the plasma motion becomes stationary. The most interesting solutions of this type 
are those periodic in space and those which decrease at infinity in both directions; 
the latter are known as Solitary waves or solitons (A. A. Vedenov, E. P. Velikhov 
and R. Z. Sagdeev 1961). 


If differentiation with respect to € is denoted by a prime, we have from (38.2) and 
(38.3) 


(v—u)v'=—(el/M)g', (Nv) —uN{= 0; 
for simplicity, we take z = 1. 
Integrating these equations with the boundary conditions g = 0, v = 0, N; = No as 
&->&, we find 
(e/M)p = ju? —3(u — vy’, (38.8) 
N; = Noul(u — v) = Noul[u? — 2ee/ M}"”. (38.9) 


: TSuch structures have been given for several particular cases by A. V. Gurevich and L. P. Pitaevskii, 
Oviel Physics JETP 38, 291, 1974. 
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Equation (38.4) gives go” = —47e(N;—N,) or, after multiplication by 29’ and in- 
tegration. 


gt =~B8ne i " IN(@) — N.(e) Ide. (38.10) 


The function N,(¢) is taken from (38.9), and N,(g) is given by the formulae in § 36, 
In the wave considered, we everywhere have g >0Q, as is seen from (38.8). The 
potential energy of an electron in such a field is U = —ep <0, i.e. the field forms a 
potential well for electrons. 

Equation (38.10) reduces to quadratures the problem of determining the wave 
profile p(&). The speed u is directly related to the wave amplitude, i.e. the maximum 
value of g(&), which we denote by go, When ¢=9@,, we must have g’=0. 
Equating to zero the integral on the right of (38.10) (and carrying out the integration 
of the first term), we obtain 


Mu? 2e seal a a 
Me [1-(1-732s on) l-af, N.(@) de, (38.11) 


which in principle determines u as a function of g,,. Here it is evident that we must 
have 


eg ml Mu2 <1, (38.12) 


This condition in general places an upper limit on the possible values of the wave 
amplitude y,,, and therefore of the speed u. 

For collisions to be entirely negligible, it is necessary that the field frequency w be 
large in comparison with the characteristic collision frequencies of both electrons 
(v-) and ions (4). Since vy, ~(M/m)'?y;, > v, (see § 43), a situation can occur in 
which pv, > w > v, The collisions then again have no effect on the motion of the 
ions, but the electrons may be regarded as having a Boltzmann distribution even 
when there are potential wells present. 


PROBLEM 


Determine the profile and speed of a weak solitary wave (egn/T.<t) in a plasma of electrons 
distributed according to (36.Ef} (A. V. Gurevich, 1967). 

Sal t ron. In (36.51), all terms must be retained, since the formation of the solitary wave is due to 
the final non-linear term there. A calculation with (38.5) gives 


The wave profile is found by integration of (38.10): 
1f4 
= 4p OX EP 
= Gm Cosh Bas (<2) | 


§39. Solitons in a weakly dispersing medium 


The existence (in a medium without dissipation) of non-linear waves with a 
stationary profile is closely related to the presence of dispersion. In a non- 
dispersing medium, the wave cannot be stationary if non-linearity is taken into 


§39 Solitons in a Weakly Dispersing Medium 155 


account; the rate of propagation of various points on the profile is dependent on the 
amplitude at those points, which causes a distortion of the profile. For example, in 
the dynamics of an ideal compressible fluid, non-linear effects cause a gradual 
increase in the slope of the forward edge of the wave; see FM, §94. The dispersion, 
for its part, causes a gradual smoothing-out of the profile, and the two effects may 
cancel out, leaving a stationary profile. 

In this section, the phenomena concerned will be investigated in a general form 
for a fairly wide class of cases of wave propagation in a non-dissipative weakly 
dispersive medium, including weak non-linearity. 

Let uo be the rate of wave propagation in the linear approximation, when 
dispersion is neglected. In this approximation, for a one-dimensional wave pro- 
pagating in one direction parallel to the x-axis, all quantities depend on x and f only 
in the combination & = xX ~ uot. This property can be expressed in differential form 
as 

db] dt + updb] dx =O, 


where b denotes any of the quantities oscillating in the wave. 

A constant speed uo corresponds to a wave dispersion relation w = uyk. In a 
dispersive medium, this relation is just the first term in the expansion of the 
function w(k) in powers of the small quantity k. Including the next term, we havet 


w = ugk — Bk’, (39.1) 


where f is a constant that may in principle be either positive or negative. 
The differential equation which describes (in the linear approximation) the 
propagation, in one direction, of a wave in a medium with such a dispersion is 


ab ab a°b 
Moa TB aS 


at us 


since this gives (39.1) for a wave in which b « exp(—iwt + ikx). 

Lastly, the inclusion of non-linearity causes terms of higher order in b to appear 
in the equation. These terms must certainly satisfy the condition of vanishing for a 
constant b (independent of x), corresponding simply to a homogeneous medium. 
Considering only the term containing the derivative of lowest order (k is small), we 
write the equation of propagation of a slightly non-linear wave as 


ab ab a°b ab 
ort Ho ay +B ax3 +ab ax (39.2) 


where a iS a constant parameter which again may in principle have either sign. 


+The fact that w(k) can be expanded in odd powers of k follows from a consideration of quantities 
that must be real. The initial set of physical equations of motion for the medium contains only real 
quantities and parameters. The imaginary unit i occurs only through the substitution in these equations 
of a solution proportional to exp(—iwt + ikx). The dispersion relation resulting from this substitution 
therefore determines iw as a function of ik with real coefficients; the expansion of such a function must 
Contain only odd powers of ik. In the general case of a dissipative medium, w(k) is complex: 
w=w't+iw", and the statement made then refers to the expansion of Ihe real part w'(k) of the 
frequency. The expansion of w"(k) will, for the same reasons, contain only even powers of k. 

#lt must be emphasized, however, to avoid misunderstanding, that this form of slight non-linearity is 
not at all universal. For example, the slight non-linearity in wave propagation in plasmas that results 
from the last term in the electron distribution (36. Ef) (used in §38, Problem) would correspond to a term 
x Vb ab/ax in an equation such as (39.2). 
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To simplify this equation, we replace x with a new variable € and b with a new 
unknown function a, defined by 


&=x—-—Ut, a=ab. (39,3) 
This gives 

da da aa 

at +a ae B Fyas 0, ( ) 


the Korteweg-de Vries equation.{ We shall take first of all the particular case 
where B > 0. 

We shall be interested in solutions which describe waves with a stationary 
profile. In such solutions, the function a(t, €) depends only on the difference & — vot 
with some constant vp: 


a = a(E— vob), (39.5) 
and the wave propagation speed is 
= Up t vo. (39.6) 


Substituting (39.5) in (39.4) and denoting differentiation with respect to € by a 
prime, we obtain the equation 


Ba" + aa'— voa' = 0. (39.7) 
This is invariant under the change 


a>atvV, wv >tot V (39.8) 


with any constant V. 
The first integral of equation (39.7) is 


Ba"+4a?— voa =!c,. 
Multiplication by 2a’ and another integration gives 
pa?= —ta+ va’ t+ cat co. (39.9) 


Instead of the three constants vo, C;, C2 it is convenient to use the three roots of the 
cubic on the right of (39.9). If these are denoted by ai, a2, a3, then 


Ba” = —3(a~ a,(a ~ a:\(a ~ a3). (39.10) 
The constant vo is related to the new constants by 


Vo = 3(a, + a+ Q3). (39.11) 


tlt was derived by D. J. Korteweg and G. de Vries (1895) for waves on the surface of shallow water. 
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We shall be concerned only with solutions of (39.10) such that ja(é)| is bounded; 
an unlimited increase of |a| would contradict the assumption of slight non-linearity. 
It is easy to see that this condition is not satisfied if the roots a1, a2, a3 are not all 
real. For, let a: and a: (=a) be complex; then the right-hand side of (39.10) 
becomes 3]a — aif'(a3— a) and there is nothing to prevent a from tending to —~. 

Thus the constants a;, a2, Q@; must be real; let them be ordered so that 
a,>a,>a;. Since the expression on the right of (39.10) must be positive, the 
function a(&) can vary only in the range a; 2 a > a). We can put a; = 0 without loss 
of generality; this may always be achieved by a transformation of the type (39.8). 
With this choice, we rewrite (39.10) as 


Ba” = 3(a,— a)(a — an)a. (39.12) 


The nature of the solution depends on whether a2 is zero. If a.=0, a,>0, 
integration gives 


a(é) = a, cosh "GEV (a,/3B)); (39.13) 


the zero of € is taken at the maximum of the function. (Here and henceforward, to 
simplify the notation, we write the wave profile as a function of =x at some 
given instant t = 0.) This solution describes a solitary wave, or soliton: as > +, 
the function a(€) vanishes, together with its derivatives. The constant a, gives the 
soliton amplitude, and the width decreases as a, '” with increasing amplitude. 
According to (39.11), vo = 34), and the speed of the soliton is therefore 


u = Upt4ay. (39.14) 


This exceeds uo, and increases with the amplitude. 

The non-linearity, it will be remembered, is assumed slight for processes des- 
cribed by the Korteweg-de Vries equation. The condition has an obvious meaning: 
for example, if a is the change in the density of the medium, this change must be 
small in comparison with the unperturbed density. At the same time, the degree of 
non-linearity of these processes is expressed by a further dimensionless parameter 
L(a,/B)'?, where L is a characteristic length and a, the amplitude of the 
perturbation. This parameter defines the relative importance of non-linearity and 
dispersion, and may be either small (if dispersion predominates) or large (if 
non-linearity predominates). For a soliton, whose width L ~ (B/a,)"”, the parameter 
is of the order of unity. 

Let us now take the case where a2 #0. The solution of (39.12) then describes a 
wave of infinite extent, periodic in space. Integration of the equation gives 

ie [" V (3B) da 


a [a(a,—a)(a—a,)}” 


= (12B/a,)'"F(s, ¢), (39.15) 


where F(s, ) is an elliptic integral of the first kind: 


F(s, g) = i; aoe ero (39.16) 
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sin g = (24, s= v( a7): (39.17) 


the zero of & is taken at one of the maxima of the function a(é). 
Inverting the formula (39.15) by means of the Jacobi elliptic function, we have 


= a, dn’(V(a)/12B)é, s). (39.18) 
This is a periodic function, whose period (wavelength) in the coordinate x is 
A =4VGpla)FGz, s) =4VGBla)K(s), (39.19) 


where K(s) is a complete elliptic integral of the first kind. The mean value Over a 
period of (39.18) is 


a=+ { a(é)dé = a, E(s)/K(s), (39.20) 
0 


where E(s) is a complete elliptic integral of the second kind. It is natural to 
consider a periodic wave in which the mean value of the oscillating quantity is 
zero. This may always be achieved by means of the transformation (39.8), subtrac- 
ting the quantity (39.20) from the function (39.18). The wave propagation speed is 
then 


u = uy t [3(a1 + a2) — ar E(s)/K(s)}. (39.21) 


Small oscillation amplitudes a,— a2 correspond to parameter values s <1. Using 
the approximation 


dn(z, s) = 1—js?+4s°cos2z, s <1, 


we find that the solution (39.18) becomes in this case, as it should, the harmonic 
wave 


a =4(a,;+ a2) +4(a,— a2)cos kx, k= V (ai/38). 
The speed (39.21) becomes u = ttp— 4a, = lg — Bk? in accordance with (39.1). 
The opposite limiting case of large amplitudes (in the wave model under 
consideration) corresponds to a2 0 and s > 1. With the limiting expression 
K(s) = 2logl16/(1—s*)}, s?> 1, 
we find that in this limit the wavelength increases logarithmically: 
A = V(12B/a,) log(16a,/ a2). (39.22) 


tThe parameter of the elliptic integral is denoted by s instead of the usual A, in order to avoid 
confusion with the wave number. 
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Thus the successive antinodes of the wave move further apart. The wave profile 
near each antinode is obtained from (39.18) by taking the limit of dn z for s= 1, 
which is valid for finite z: dn z = 1/cosh z. The result is again (39.13). In the limit 
sol, therefore, a periodic wave separates into a sequence of widely spaced 
solitons. 

So far we have assumed that B > 0. The case where B <0 does not need special 
consideration, since a change in the sign of B in (39.4) is equivalent to the change 
t>~& a~>~a. Since this converts the argument & — vot in (39.5) into —& — vot, the 
wave propagation speed becomes u = Up— vo. For instance, the above results for 
the soliton are altered only in that the function a(é) becomes negative, and the 
speed of the soliton u < uo. 

The Korteweg-de Vries equation has certain specific properties which lead to a 
number of general theorems. These are based on the formal relation between the 
equation and the eigenvalue problem for an equation of the Schrédinger type (C. S. 
Gardner, J. M. Greene, M. D. Kruskal and R. M. Miura, 1967). 

Let us consider the equation 

c+ de a(t, +e |y=0, (39.23) 


again taking the particular case B > 0. This has the form of Schrédinger’s equation 
with — a(t, €) as the potential energy depending on t as a parameter. Let a(t, €) be 
positive in some range of é, and tend to zero as €> +, Then the equation (39.23) 
has eigenvalues € corresponding to a finite motion in the potential well —a(t, €); 
since a depends on t, these eigenvalues will in general also depend on t. We shall show 
that the eigenvalues e€ do not depend on t if a(&, t) satisfies the Korteweg-de Vries 
equation (39.4). 
Expressing a from (39.23) as 


a = —6B(r"/ + €), 


and substituting in (39.4), we find by a direct calculation 


rdefdt = (p'A- WAY, (39.24) 
where 
A(t, €) = 6B (5 ao 7 py" +p” — tew'); (39.25) 


here it is important that the right-hand side of (39.24) is expressed in terms of the 
derivative with respect to € of an expression that vanishes as €>+« (the 
eigenfunctions of the discrete spectrum of (39.23) are zero at infinity). Integration 
of (39.24) with respect to € over the whole range from —« to © therefore gives 


and, since this normalization integral of y& is not zero, it follows that de/dt = 0. 
We shall now show that equation (39.23) has only one discrete eigenvalue for a 
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stationary ‘potential’ a(é) in the form (39.13), corresponding to one soliton. With 
this potential. (39.23) becomes 


; Uo = 9) 
‘i +(e xete) 0, (39.26) 
where 
Up=a,/6B, a =(a,/12B)"”. (39.27) 


The discrete eigenvalues of (39.26) are 


€,=—a(s—n)y, s=3[-1+V04+4U/a)], n=0.1,2,..., 
where we must have n<s; see QM, §23, Problem 4. With the parameter values 
(39.27), s = 1, so that there is only one eigenvalue, 


e =—a,/126. (39.28) 


If, however, a(t, €) represents an assembly of solitons at large intervals (so that 
there is no “interaction” between them), the eigenvalue spectrum of equation 
(39.23) consists of the “levels” (39.28) in each potential well, each level being 
determined by the amplitude a, of the corresponding soliton. 

Since the soliton propagation speed increases with the amplitude, a soliton of 
large amplitude will always eventually overtake one of smaller amplitude. An 
arbitrary initial assembly of solitons at large intervals, therefore, will ultimately, 
after a series of mutual “‘collisions”, become an assembly of solitons arranged in 
order of increasing amplitude (all perturbations described by the Korteweg-de 
Vries equation propagate in the same direction). 

The above results lead immediately to an interesting conclusion: the initial and 
final assemblies of solitons have the same total number and amplitudes, differing 
only in their order. This follows directly from the fact that each isolated soliton 
corresponds to one eigenvalue e, and the eigenvalues do not depend on the time. 

Any positive (a > 0) initial perturbation occupying a finite region of space and 
evolving in accordance with the Korteweg-de Vries equation ultimately breaks up 
into an assembly of isolated solitons whose amplitudes are independent of time. 
These amplitudes and the number of solitons can in principle be found by 
determining the spectrum of discrete eigenvalues of equation (39.23) with the initial 
distribution a(0, £) as the potential. If the initial perturbation contains also regions 
with a <0, however, its evolution will create a wave packet which gradually 
spreads out and does not break up into solitons. 

To avoid misunderstanding, however, we should specify more precisely what is 
meant by the initial perturbation in the Korteweg-de Vries equation. An actual 
perturbation formed in the medium at some instant evolves (in a way described by 
the complete wave equation, of the second order in the time) and in general 
separates into two perturbations propagating in the positive and negative x- 
directions. The “initial” perturbation for the Korteweg-de Vries equation is to be 
taken as one of these two, immediately after the separation. 


§40 Permittivity of a Degenerate Collisionless Plasma 161 


PROBLEM 


Determine the coefficients a and B in equation (39,2) for ion-sound waves in a plasma with T; < Tr. 
SOLUTION. The dispersion coefficient B is found from (33.4) by expanding in terms of the small 
quantity ka,: 


B= acuo, 


where to =(zT.{M)"”. 

In determining the non-linearity coefficient a, we may neglect the dispersion, i.e. consider the limiting 
case k>0, In this limit, the plusma may always be regarded as quasi-neutral, and accordingly be 
described by the mechanical equations of an isothermal ideal gas (38.3), (38.7). Putting N, = No+ 6N, we 
can wrile these equations as far as the second-order terms in the small quantities 6N and v. In these 
second-order terms, we Can put v = uodN/No, as in the linear approximation for a wave propagating in 
the positive x-direction (i being the speed of the waves in the linear approximation), [he equations 
then become 


a6N ov = é ras 2 ito d5N 
ae oe Nn 
do, me JON _ uit 5, ON vg 
ob No ax No ox ax , 


Differentiating the first equation with respecl to 1, the second with respect to x, and eliminating a7 vfatax, 


we find 
a a\sa a _ tty asN 
(5 ww s-)(S + wos )BN = No at (an an ) 


With the same accuracy. we replace the derivative 4/d1 on the right, and in the difference (/dl — und/dx 


on the left, by —und/dx. Lastly, cancelling the differentiation {4x on both sides and comparing the result 
with (39.2), we have 


a = pol No. 


840. Permittivity of a degenerate collisionless plasma 


In calculating the permittivity of a collisionless plasma in §§29 snd 31, we 
entirely neglected all quantum effects. The results thus obtained are resuicted, first 


of all, as to temperature by the condition that degeneracy be absent; for electrons, 
this condition is 


T > ep ~ NZ Im, (40.1) 


where €¢ = pf¢'/2m and pr is the limiting momentum of the Fermi distribution at 
T = 0, which is related to the number density of electrons by pP/377h? = No. 
Moreover, the possibility of applying the classical Boltzmann equation to a 
Plasma in an external field involves the imposition of certain conditions on the field 
frequency w and wave vector k. The characteristic distances (~ 1/k) over which the 
field varies must be large compared with the electron de Broglie wavelength hip, 
and the corresponding uncertainty (~fik) in the momentum must be small com- 
pared with the width (~7/v) of the region over which the electron thermal 
distribution extends. For a non-degenerate plasma, p ~ T/i ~(mT)"2, so that the 
two conditions coincide. For a degenerate plasma, p ~ pr, v ~ vp = prim, but 
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T/v = p since T <e,. Thus in either case it is sufficient if 

hkd <T. (40.2) 
Lastly, the frequency must satisfy the condition 

hw <€p: (40.3) 


the field energy quantum must be small in comparison with the mean electron 
energy (but this condition is usually unimportant). 

Let us now consider the dielectric properties of the plasma without imposing the 
conditions (40.1)-(40.3) on the electron component; the ion component may remain 
non-degenerate. We shall calculate the electronic part of the permittivity. The 
condition for the interaction of the plasma particles to be negligible will again be 
assumed satisfied: 


e?N,'? <é; (40.4) 


when é ~ ef, this becomes N,'? > me?/h’, or e7/hive <1 (cf. SP 1, §80; SP 2, §85). 

The abandonment of the condition (40.2) means that the quantum-mechanical 
equation for the density matrix must be applied from the start. Since the interaction 
between electrons is neglected, we can immediately write a closed equation for the 
one-particle density matrix p,,.,(t, M,¥2) (where o, and g2 are the spin indices). We 
shall assume that the electron distribution is independent of the spin, i.e. the 
dependence of the density matrix on the spin indices is separated as a factor 6,,.,, 
which will be omitted. The spin-independent density matrix p(t, 1, r2) satisfies the 
equation 


ihdplat = (HA, — H4)p, (40.5) 


where H is the electron Hamiltonian in the external field, and the suffixes 1 and 2 
indicate the variable (r, or rm) on which the operator acts (see QM, §14). This 
equation replaces the classical Liouville’s theorem df/dt=0 for the classical 
one-particle distribution function. 

As in §29, we shall calculate the longitudinal permittivity. Accordingly, we 
consider an electric field with a scalar potential g(t, r), and the electron Hamil- 
tonian thus becomes 


A =—(h/2m)A — eg(t, rn). (40.6) 
Assuming the field to be weak, we put 
p = poll — 2) + p(t, r, 12), (40.7) 
where fp is the density matrix of the unperturbed stationary and homogeneous (but 


not necessarily equilibrium) state of the gas; the homogeneity implies that po 
depends only on the difference R = r, — r2. The density matrix po(R) is related to the 
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(unperturbed) electron momentum distribution function no(p) by 
no(p) = Ne { poten" dx, (40.8) 


where W, is the total number of electrons; see SP 2 (7.20). The function n(p) is 
defined as the occupation numbers of quantum states of electrons with definite 
values of the momentum and the spin component. The number of states in an 
element d’p of momentum space and with either value of the spin component is 
2 d’p|(2mh)’. Hence n(p) is related to the distribution function f(p) used previously 
by 

f(p) = 2n(p)(2ahy. (40.9) 


Substituting (40.7) in (40.8) and omitting terms of the second order of smaliness, 
we obtain a linear equation for the small correction to the density matrix: 


[is 2 _ (Ai- baat ri, r2) = —e[e(t, 1) — e(t, r2)]po(r — m2). (40.10) 


Lett 
g(t, r) a eae re, (40.1 1) 


Then the dependence of the solution of (40.10) on the sum r,+1r (and on the time) 
can be separated by putting 


Sp = exp[ik . (r+ ro) — iwt]g..(m — 2). (40.12) 


Substituting this expression in (40.10), we obtain an equation for 2..(R): 
Ez + Fw atin? 2_ (v—tiny] 7,.(R) = — ep (ee) (R) 
2m : 2m # of oF Pos}. 


We can now apply a Fourier expansion with respect to R. Multiplying both sides 
by exp(—ip . R/fi) and integrating over d°x, and using (40.8), we obtain 


[fiw — e(p + 5k) + €(p — 2k) }e.(p) = — (C@and Ne )[eto(p — 3K) — no(p + 4hk)]}, 
where e(p) = p’/2m, or equivalently 


Bur(P) = (CPur/ AN) [no(p + 2hk) — no(p — 2hk)W(w —k. v). (40.13) 


tThe Hamiltonian (40.6) must be Hermitian, and so the funclion ¢ In it (and consequently in (40.10) 
also) is real. But, having written down equation (40.10), which is linear, we can solve it for each of the 
complex monochromatic field components separately. 
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The value of the density matrix at r;=1r.=r determines the number density of 
particles in the system: N = 2Np(t.r, r); see SP 2 (7.19). Hence the change in the 
electron density due to the field is 


8N, = 2N p(t. r. 1) = 2Ne%-g (R= 0), 


or, expressing g..(R = 0) in Fourier components, 
ON, = 2c | gulp) d platy’. (40.14) 


The corresponding change in the charge density is —e6N,. 

The permittivity is now calculated as in §29: starting from the relation between 
the charge density and the dielectric polarization vector (—eédN, =—div P= 
—ik- P), we write 

eéN, = i(eé.— IE. k/4a 


= ke — Deana 


We thus arrive at the following formula for the electronic part of the longitudinal 
permittivity of a plasma having an electron distribution function n(p) (the suffix 0 
being now omitted); 


_ __ 4ne* n(p+shk) — n(p—2hk) 2d’p 
alo, k)~1= hk* k.v-w—i0 (2ah)' 


(40.15) 


(Yu. L. Klimontovich and V. P. Silin, 1952); the pole in the integral is, as usual, 
avoided in the manner specified by the Landau rule. 

In the quasi-classical case, when the conditions (40.2) and (40.3) are satisfied, the 
functions n(p+ 3hk) can be expanded in powers of k. Then 


and (40.15) becomes the previous formula (29.9) when the relation (40.9) is taken 
into account. It must be emphasized, however, that the distribution n(p) in (40.15) 
may relate to a degenerate plasma. 

Let us apply this formula to a completely degenerate electron plasma at T =0, 
with n(p)=1 for p<pr and n(p)=0 for p>pr. Changing the variable of in- 
tegration in each term in (40.15) by p+3hk— p, we obtain 


eg - = 47e (eat 
hk? Jncp, lws~k-vti0 w-—k.v+i0J (2ah)” 


where w+ = w + hk’/2m. An elementary though fairly laborious integration leads to 
the result 


-. ie {1~ g(ws) + go}, (40.16) 


€;(w, k) = 1 
mw’ —kKee), wtkoe. 


80) = Se, ~~ BG kop’ 


§40 Permittivity of a Degenerate Collisionless Plasma 165 


the logarithm is to be taken as log |u|— i if its argument u <0. The “plasma 
frequency” Q, is again defined as 0, = (4aN,e7/m)!”. 

In the quasi-classical limit hk <pr, fiw <er,f formula (40.16) leads to a simple 
expression that does not involve ht: 


-1=395[1- oy wt kee] { 0 for |w|> kvg, 
z Roel 2kvp 8 w—kor] li-37O2Zu/2Akvgy for fol <kur. 
(40.17) 


The static case is of particular interest. When w = 0, the expression (40.16) as a 
function of k has a singularity at the point where fik is equal to the diameter of the 
Fermi sphere, 


ik = 2pe: (40.18) 
at this point, the argument of one of the logarithms is zero. Near it, 
(0, k)— 1 = (e?aher)[1 — Elog( ep, (40.19) 
&=(hk~2p,-)/2pr, |e <1. 


We shall show that the presence of this singularity (called the Kohn singularity) 
leads to a change in the nature of the screening of the field of charges in the 
plasma, which ceases to be exponential. t 

We write (40.19) in the form 


«(0, k) = B — ag log(1/|é)), (40.20) 


where a = e’/2ahv,, and the constant B may include the non-singular contribution 
from the non-degenerate ionic component of the plasma. 

The Fourier component of the field due to a small point charge e, at rest in the 
plasma is expressed in terms of the permittivity by 


Oy = 4ae,/k*e,(0, k); (40.21) 


See §31, Problem !. For the potential y(r) as a function of the distance from the 
charge e,, we have 


(r= | gee kn) 


en ae ii [ oye k dk. (40.22) 
0 


Tr 


_ TAt T =0, these conditions ase sufficient, since the limiting value of & as Akvsfes—>0 and T->0 is 
independent of the order of passage to the limits. The relation between fkvg and T is therefore 
unimportant. 


+The physical consequences of the singularity which results when the condition (40.t8) is satisfied 
were noted by W. Kohn (1959). 


PK O-L 
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As k +0, g(k) tends to a constant and has no singularity. Hence the asymptotic 
ferm of the integral in (40.22) as r+ is determined by the singularity of this 
function at fik = 2pr. Near that point, 


e ah? 


P= Bo? [1 te g leva: 


The contribution from this region to the asymptotic value of the integral is 


o(r) ~ (2e,a/ 7B?r) im(e??F"S), 


J= [ : élogia ere dé; 


because of the rapid convergence (see below), the integration with respect to € can 
be taken from —= to x. 

To calculate the integral J, we divide it into two parts, from —© to 0 and from 0 
to x, and in each part we turn the contour of integration in the complex é-plane 
until it lies along the positive imaginary axis. Then, putting € = iy, we obtain 


J -{ eW2Prnth [tos—-- toes |y dy. 
0 ly 


The difference in the brackets is just im, so that J = ia(#i/2p-r)’. The final result is 


~ eich’ cos 2perfh 
g(r) Bp. or ; (40.23) 


This the potential of the screened field far from the charge oscillates with an 
amplitude that decreases according to a power law. This result, derived for a 


degenerate plasma with T =0, remains valid for low temperatures at distances 
r< ho,|T. 


PROBLEM 


Determine the spectrum of eleciron oscillations of a degenerate plasma at T = 0 in the quasi-classical 
range of values of k. 


SOLUTION. The function w(k) is given by ¢(w, k) = 0, with & from (40.17). For small k (kup <,), it 
is found that kv+/w <I: expanding e(w, kK) in powers of this ratio, we find 


w=oird (82) ] () 


(A. A. Vlasov [938).t This part of the spectrum corresponds to ordinary plasma oscillations: cf. (32.5). 
For large k (ker > ©, but still Ak <p; ), we find that w ~ kup. Solving the equation e = 0 by successive 
approximation, we find 


w = kop[] + 2exp(—2keF [302 — 2)} (2) 


tThe condition 4D. <er for the frequency ©. to be quasi-classical in a degenerate plasma is the same 
as the condition (40.4) for an ideal plasma. 


§40 P _ ittivity of a Degenerate Collisionless Plasma 167 


Fic. €2. 


(i. I. Godman, 1947). This part of the spectrum is analogous to zero sound in an uncharged Fermi gas; 
cf. SP 2 (4.t6). 

Figure (2 shows diagrammatically the form of the spectrum. We have everywhere w/k > vr: since 
T = 0, there are no particles with v > vr, and the Landau damping is exactly zero. 


CHAPTER IV 


COLLISIONS IN PLASMAS 


§41. The Landau Collision Integral 


THE study of the properties of plasmas, with collisions between particles taken into 
account, must start with the derivation of the transport equation for the electron 
and ion distribution functions. 

The specific feature of this case is the slow decrease of the Coulomb interaction 
forces between charged particles. If the Boltzmann collision integral is used as it 
stands, the result is that the integrals diverge for large distances between the 
colliding particles. This means that distant encounters are important. At large 
distances, the particles are deflected with only a slight change in their mpmenta. 
The collision integral can consequently be put in a form similar to that which it has 
in the Fokker—Planck equation. In contrast to this, however, the collision integral is 
no longer linear in the required distribution functions. But the relative smallness of 
the changes of momentum in collisions certainly means that the process described 
by the collision integral may be treated as diffusion in momentum space. Accord- 
ingly, it may be written as 


C(f) = — div, s = — dSal Opa 


where s is the particle flux in momentum space. The problem is to express this flux 
in terms of the distribution functions. 
We write as 


wf (p)f'(p’) d’q d’p’ 


the number of collisions occurring per unit time between a particle with momen- 
tum p and particles with momentum p’ in the range d'‘p’; in a collision, p and p’ 
become respectively p+ q and p’—q. The conservation of momentum in collisions 
has been taken into account here. The arguments t and r of the distribution 
functions are omitted, for brevity. The particles p and p’ may be of the same or 
different types (electrons, ions). We shall take w to be expressed as a function of 
half the sum of the momenta of each particle before and after the collision, and of 
the momentum transfer q: 


w(p + 3q, p’ ~2q; q): 
it depends, of course, also on the types of particle involved. By virtue of the 
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principle of detailed balancing (2.8), the function w is symmetrical with regard to 
the interchange of the initial and final particles: 


w(p +3q, p’ ~3q: q) = W(p +34, p’ 24; ~ q). (41.1) 


The function w contains a delta-function factor which expresses the conservation 
of energy in collisions (the conservation of momentum has already been taken into 
account). 

Let us consider a unit area at some point p in momentum space (of particles of a 
given kind), perpendicular to the p,-axis. By definition, the flux component s, is the 
excess of particles (of that kind) crossing this area from left to right per unit time 
ovér those crossing it from right to left. The movement in momentum space is due 
to collisions. If a particle receives in a collision an a-component of momentum 
equal to q, (> 0), the result of such collisions will be for those particles to cross the 
area from left to right whose values of this component before the collision were 
from pz — Ga to pa. Hence the total number of particles crossing the area from left 
to right is 


Pa 
> fa { ee’ | w(p + 3q, p’— 24; DS (p)f'(p’) dpa. 
Ga” Pa ~4a 


The summation is taken over all types of particle to which the primed quantities 
refer (including, of course, the given type to which the unprimed quantities refer). 
Similarly, the number of particles crossing that area from right to left may be 
written 


x d ‘af ap ai " w(p+4q, p’'—34;— @f(p + q)f'(p’ — q) dpe. 
Qa > 0 Pa~ Qa 


Because of (41.1), the functions w in the two integrals are the same. The 
difference of these integrals therefore has in the integrand the difference 


f(p)f'(e) - f+ @f'(p’— 4’). 


We now use the fact that the momentum transfer q is small (more precisely, that 
the values of q important in the integrals are small in comparison with p and p’). 
Expanding the above difference in powers of q, we find as far as the first-order 


terms 
[-a afte Fp) + fp) Le LEY ay 


We can then, to the same accuracy, put in the integrands 


w(p+3q, p’— 34; q) ~ w(p, p's q)- 


The integration over dp,, which covers the short range from p,. — da tO Px» may be 
Teplaced by a simple multiplication by the length q, of this range. The result is 


a =2 | wot 4 ore o[ fo db Fp) _ =<f"(p) PP) Naan d’p' (41.2) 
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Because of (41.1), w(p, p’;q) is an even function of q, and therefore so is the 
whole integrand in (41.2). This enables us to replace the integral over the half-space 
qa > 0 by half the integral over the whole of q-space. 

In rewriting (41.2) we also express w in terms of the collision cross-section by 


w dq = |v—v'| do. 


As already explained in connection with the form (3.9) for the collision integral, we 
can then suppose that the number of independent integrations has already been 
decreased by using the law of conservation of energy. Thus the momentum flux in 
the momentum space of particles of each type is 


Se =¥ | [Pe ) f'(p ) oe Ba dp’ (41.3) 


where 
Bp = 4 doasly~ v'| do. (41.4) 


It remains to calculate the quantities B,g for collisions of particles with Coulomb 
interaction. 

For a deviation through a smal! angle, the change q in the momentum of the 
colliding particles is perpendicular to their relative velocity v~v’. The tensor Bag 
also is therefore transverse to this vector: 


Bup(vp _ vp) = 0. (41.5) 
It may be noted at once that this automatically ensures the vanishing of the fluxes 
(41.3) for an equilibrium distribution of all the particles. With Maxwellian dis- 


tributions f and f’ (having the same temperature T), the integrand in (41.3) 
becomes 


Cff'1T (vp — vp) Bap = 0 


The vector v—v’' is also the only vector on which the tensor B,g can depend. 
Such a tensor, transverse to v— v’, must have the form 


_ 1 (v Ug — U vey —v ) 
Bog = 2B [ ba6 — ae vy |, 


where the scalar 
B=B.. =3{ av-vi do. 


Let x be the angle of deviation of the relative velocity (in the centre-of-mass 
system of the two particles). For small values of this angle, the momentum change 
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has magnitude g ~ p|v—v'|x, where yw is the reduced mass of the particles Hence 


B=3p'|\v—viP { x’ do = p|v— vor, 
where 
o= | -cosx)do~4{ x do 


is the transport cross-section. The differential cross-section for small-angle scatter- 
ing in a Coulomb field is given by the Rutherford formula 


n2 n2 
do pare 2 ets pL (41.6) 


where e and e' are the charges on the colliding particles. Hence the transport 
cross-section is 


_ 4Am(ee'y a 
=v ~vy kL L= | dylx. (41.7) 


t 


The value of Bug is consequently 


Bag = 2aleey L[ bap — ee | (41.8) 


|v —v'| (v —v’) 


The integral L is logarithmically divergent. The divergence at the lower limit has 
a physical cause—the slowness of the decrease of the Coulomb forces, which leads 
to a high probability of small-angle scattering. In reality, however, in an electrically 
neutral plasma the Coulomb field of a particle at sufficiently large distances is 
screened by other charges; let ¥mn denote the order of magnitude of the smallest 
angles for which the scattering can still be regarded as Coulomb scattering. The 
divergence at the upper limit arises simply because all formulae have been written 
on the assumption of small angles, and cease to be valid when x ~ 1. Since a 
logarithm of a large argument ts fairly insensitive to small changes in that 
argument, we can take the limits of integration from estimates of their orders of 
magnitude, writing 


L = log(1/Xmin)- (41.9) 


This quantity is called the Coulomb logarithm. It must be stressed at once that such 
a method of determining it restricts the whole discussion to what is called 
logarithmic accuracy, which neglects quantities small compared not only with the 
large quantity 1/ymin but also with its logarithm. 

A practical estimate of ymin depends on whether the scattering of particles is to 
be described in classical or quantum-mechanical terms; the expression (41.8) itself 
is valid in either case, since purely Coulomb scattering is described by the 
Rutherford formula in both classical and quantum mechanics.} 


tin the quantum case, the exchange effect has 10 be taken into account in the scattering of like particles 
(electrons). This effect does not, howe ver, alter the limiting form (41.6) of the cross-section at small angles. 
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in the weak form 
ka<l, w<od,ala, 
with < in place of <. 


PROBLEM 


It has been shown in § 34 that, afler the perturbalions of the elecIron density with wave vector k have 
been removed by Landau damping. the perturbations of Ihe disiribution function continue to oscillate as 


e~* “ (34,16). Find the damping of these oscillations by Coulomb collisions at times 1 > I/ké 
Sot Uunon. We seek Ihe distribulion funclion in the form 


f=fot df, df=a(t,ve* a3) 


where df is Ihe perlurbation of the equilibrium distribution fy, and a is a slowly varying function of Ihe 
velocity (changing appreciably only over runges -¢ > I/kt). On subslituting (1) in (41.12), we need 
retain in the integrand only Ihe lerm 


— folp')a5f (pap = (ifn )ktdf (p) folp’); 


Ihe remaining terms make only a small contribulion, either because the integral is made small by the 
rapidly oscillating factor exp(— ik . vt) or because they do not contain the factor kt > I/t. For the latter 
reason, too, only the exponenlial factor need be differentialed in the calculation of div,s. The transport 
equation then gives 

dafat = ~ kK. Kpbopt?a, 


where in order of magnitude the coefficients bup ~v'y, with py the collision frequency. Hence 
a(L, v) = av) exp{ — iKnkpBapt’}, (2) 
and so the damping time of the oscillations is 
ra ~ (KEY ??, 


Since the whole theory of Landau damping is valid only if ki > v, we have ta <I/v. The result (2) ts 
correct if the exponent in it is small compared with the exponent kout in (1); for this to be so, we must 
have t <(vki) ‘“. In this time, the oscillations are damped by a factor exp[— V(ké/v)].- 


§42. Energy transfer between electrons and ions 


The large difference between the electron mass m and the ion mass M impedes 
the transfer of energy between electrons and ions: when a heavy and a light 
particle collide, the energy of each is almost unchanged. The establishment of 
equilibrium among the electrons alone and the ions alone therefore takes place 
considerably more quickly than that between electrons and ions. This may easily 
give rise to a Situation where the electron and ion components of the plasma each 
have a Maxwellian distribution but with different temperatures T, and T;, of which 
T. is usually the greater. 

The difference between the electron and ion temperatures causes an energy 
transfer between the two components of the plasma, which may be determined as 
follows (L. D. Landau 1936). 

We shall temporarily denote by a prime the quantities pertaining to electrons, 
leaving unmarked those pertaining to ions. The change in the ion energy per unit 
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volume and unit time is given by the tntegral 
dE/dt = i eC(f) Pp =- | e div,s d’p, 
or, integrating by parts, 
dE/dt = | s. dap) d’p =[s.va'p; (42.1) 


the integral over an infintte surface in momentum space is, as usual, zero. 

In the sums (41.3) which determine the electron and ion fluxes in momentum 
space, the only terms remaining are those which correspond to electron-ion 
collisions; the electron~electron and ion-ion terms are zero for Maxwellian dts- 
tributions. Substituting in these remaining terms the Maxwellian distributions with 
temperatures T' and T, we obtain for the ion flux 


Sq = Jor = #2 Bag d?p’. 


From (41.5), Bagvg= Bugvg; making this change and substituting the fiux in (42.1), 
we find 


dE 1 1 ; i 
‘dt Gao es vatpBug dp d’p'. (42.2) 


Since the electrons have small masses, their mean speeds are large compared 
with those of the ions. We can therefore put v,—v, ~ v, in B,g. Then the quantittes 
B.g No longer depend on the v,, and in (42.2) we can carry out the integration over 
d'p: 


| fvorg Pp = 58.gNv" = d.gNTIM. 


Thus 


dE NTP AN fons 
ENT 1) yoy Ww 


Finally, substituting here from (41.8) B = 4ze*z*L/v’ (where ze is the ion charge), 
and noting that for a Maxwellian distribution 


|r d’p'[v' = N'V(2m/ aT’), 
we obtain 


dE _4NN'‘z’e*V(2am)L |, 
ie ——agpae OE T). (42 4) 


§ 43 { Mean Free Path of Plasma Particles 175 


The same expression, with the opposite sign, gives the decrease in the energy of 
the electron component of the plasma, — dE'/dt. Expressing the electron energy per 
unit volume in terms of the electron temperature by E’ = 3N'T'/2 and resuming the 
use of the suffixes e and i for electron and ion quantities, we can write the 
following final expression for the rate of change of the electron temperature: 


a T22M 
dt 7%? 7? 8Nze*L.(2am)™ (42.5) 


The Coulomb logarithm here is 


_ flog(aT,!ze’) for ze/hvuz. > 1, 


= lean cecal for ee | (42.6) 


The quantity 74 is the relaxation ttme for the establishment of electron-ton 
equilibrium. 


§43. Mean Free Path of Plasma Particles 


We have seen from the derivation in § 41 that the transport cross-section 0; (41.7) 
serves as a collision parameter in the transport equation. It must therefore also 
occur in the definition of the mean free path. 

For electron-electron (ee) and electron-ion (ei) collisions, the reduced mass 
ju ~m, and, since the speeds of the electrons are much greater than those of the 
ions, we have 


pve — Vi)’ ~ moje ~ Te. 
Hence follows the estimate of the electron mean free path 
l. ~ T2/4ae4NL,, (43.1) 


with L, from (42.6). The factors z are omitted from the estimates, it being assumed 
that z; ~ 1. The electron mean free time 7, (or its reciprocal, the collision frequency 
Ve) 1S 
te ~ Ulve ~ Ledlote ~ Te? m'?/4are4NLe. (43.2) 
Note that 
lel Qe ~ (Le (Tel NP e?)*?, 
and [, > a, by virtue of the condition (27.1) for the plasma to be rarefied. Accord- 


ingly, the collision frequency is small in comparison with the electron plasma 
frequency: 


Ve < v7 ap = Ov. (43.3) 
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Similarly, the ton mean free path with regard to ion—ion collisions 1s 
~Tll4ae*NL,, L; = log(aT;/e’), (43.4) 


where L; is the Coulomb logarithm with ion quantities in place of electron ones. 
The corresponding mean free time is 


Ty ~ Uy, ~ T2?M""/47e4NL,. (43.5) 


The quantity 7, determines the order of magnitude of the relaxation time for the 
establishment of local thermal equilibrium of the electron component of the 
plasma, and 7 the corresponding time for the ion component. Since the frequen- 
cies y, and v,; for ee and ei collisions are of the same order, 7, is not the relaxation 
time for the establishment of equilibrium between the electrons and the ions; it 
describes only the rate of momentum transfer from the electrons to the ions, not 
the rate of energy exchange between them. The relaxation time for electron-ion 
equilibrium is given by the quantity 7{ determined in §42. A comparison of these 
various times shows that 


Teel Ta Th ~ 1: (MIm)"?: (M/m). (43.6) 


The mean free path can be used to estimate the transport coefficients of the plasma. 
To estimate the electrical conductivity o, we use the familiar elementary ‘kinetic 
theory of gases”’ formula. The particles (carriers) with charge e and mass m, in free 
motion during a time 7, acquire from the electric field E an “ordered’’ speed 
V ~teE/m. The electric current density created by this motion ts j ~ eNV. The 
conductivity, which ts the proportionality factor between j and E, is therefore 


o ~ e- Naim ~ e*NIl mez, (43.7) 


where I, m and vy are to be taken as the quantities pertaining to the lighter 
particles, i.e. the electrons. An estimate using this formula gives 


o ~ T2?J/e*m'?L.. (43.8) 


The thermal conductivity is estimated similarly with the elementary formula 
(7.10). Electrons play the main part, and we have x ~ N,l-vrec. (where c, ~ 1 is the 
electronic specific heat), whence 


K ~ To? Je4m'?L,. (43.9) 


The viscosity of the plasma, unlike the electrical and thermal conductivities, is 
due mainly to the movement of the ions, since most of the momentum of the 
plasma is concentrated in the ion component. Moreover, the momentum of an ion 
is not much changed by collisions with electrons, and for this reason it is sufficient 
to consider ii collisions only. From (8.11), the viscosity is estimated as n ~ N;Mlivn, 
whence 


n~ MT? 1e4L. (43.10) 
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The calculation of the coefficients for the expressions (43.8)-(43.10) requires the 
solution of the linearized transport equation with the Landau colliston integral, 
which can be done only by approximate numerical methods. As an example, in a 
hydrogen plasma (z = 1) the coefficients in the expressions for vo, x and 7 are 
respectively 0.6, 0.9 and 0.4. 


§44. Lorentzian plasmas 


In calculating the electron contribution to the transport coefficients in a plasma, it iS 
in general necessary to take account of both ei and ee collisions. However, if the 
ion charge is sufficiently large, ei collisions may have a predominant effect: the ee 
collision cross-section is proportional to (e”)? and the frequency v,, of such 
collisions is proportional also to the electron density N,; stmilarly, the frequency of 
ei collisions is proportional to (ze’)"N, = e*z,N,, SO that vj > vee if z > 1. A plasma in 
which ee collistons may be neglected in comparison with ei collisions is called a 
Lorentzian plasma. Although this is not a very realistic case, it is interesting both 
methodologically and for possible application to other systems.t 

Since the ion speeds are small compared with the electron speeds, they may be 
neglected in the first approximation, i.e. the ions may be regarded as at rest with a 
given distribution. In the problem of the behaviour of the plasma in an external 
electric field there is a preferred direction, that of the field E. If the electron 
distribution function differs only slightly from the equilibrium form, f = fo(p)+ 5f, 
the small correction 6f is linear in the field, i.e. has the form 5f = p- Eg(p). Under 
these conditions, the electron-ion colliston integral has the same form as that of the 
collision integral in §11 for the problem of diffusion of a light gas in a heavy gas: 


C(f) = — valv df, (44.1) 


with the speed-dependent effective collision frequency 
vi(v) = Not”, (44.2) 


and o the transport cross-section for scattering of electrons by ions. With this 
quantity given by (41.7), and zN; = N,, we find 


Vvei(v) = 4arze4N, Li mv’. (44.3) 


In the rest of this section we shall write v(v) simply, omitting the suffixes ei. 

Let us now calculate the permittivity of a Lorentzian plasma in a spatially 
uniform (wave vector k= 0) but periodically varying (« e~™") electric field. The 
correction 5f to the equilibrium distribution depends on the time in the same 
manner, and the transport equation for it is 


—iwdf — cE. afolap+ v(v)df = 0. (44.4) 


tFor example, a weakly ionized gas, where ei collisions are replaced by collisions between electrons 
and neutral atoms. 
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Noting also that df,/dp = — vfolT. we therefore have 
df = —(elT)E. vf/lv(v) — io). (44.5) 
The permittivity is found by means of the relation (29.4): — iwP = j, or 
—iw(e— I)E/4a7 = —e | vif d°p. (44.6) 
Substitution of (44.5) and averaging over the directions of v (with (v,vg) = $5agv°), 


we obtain 


4rre? { vfy d’p 


€(@) = l-3 Tr meee (44.7) 
In the limit w > v,f this gives 
4re*N. . .47e*N, 
(co) = 1S + it (v7 v(v)), (44.8) 


where the averaging is over the Maxwellian electron distribution. Calculating the 
mean value for v(v) as in (44.3), we obtain 


O2 . .4V (27) ze*LN, 22 


e(w)-I-v arti 3 Py 2 7 (w > yp). (44.9) 


However, the range of validity of this formula also has an upper limit given by the 
general condition (41.4) for the logarithmic approximation in the collision integral 
to be applicable, w < v;7Ja, =, (the frequency must be small in comparison with 
the electron plasma frequency).} 

Formula (44.9) has a special significance, since it is valid for any (not only large) 
values of z. When w > », the collisions cause only small corrections, and so the ei 
and ee collisions may be treated independently. In the absence of ions, a unif6rm 
electric field would cause only a shift of the electrons as a whole, and collisions in 
such a system could not cause dissipation (represented by the tmaginary part e” of 
the permittivity); under such conditions, the disstpation ts due only t y the ei 
collisions taken into account in (44.9). 

In the opposite limiting case, when w <v, the permittivity is 


€=i.4rolw, o =(e*NJ3T v7} v(v)). (44.10) 


The quantity o in this limiting expression is the static conductivity of the plasma: 
see ECM, §58. The calculation with v(v) from (44.3) gives 


4/2. 7? 
= Rie peta (44.11) 


tThe symbol v (without argument) means the value of v(v) for ¢ =r In the present case, 
y= 4nze"NeLim'?T 2. 
£The calculation of e” for w > 2, is discussed in § 48. 
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The same result could, of course, also be reached by a direct calculation of the 
electric current density 


j= —e | vafa’p, 


with &f from (44.5) (with w = 0). 

We shall also calculate the other transport coefficients for a Lorentzian plasma, 
which are related to its behaviour in a constant (w=0) electric field and a 
temperature gradient. Let us first recall the definition of these coefficients (see 
ECM, 825). 

The conditions of thermal equilibrtum require, as we know, not only the constancy 
of temperature but also that of » + U throughout the medium, where yp is the chemical 
potential of the particles and U thetr energy in the external field. In the present case, 
we are concerned with equilibrium with respect to the electrons, so that yz is to be 
taken as their chemical potential, and U = — eg, where g is the electric field potential. 
Accordingly, the electric current j and the dtssipative energy flux q' are simultaneously 
zero only if T= constant and yu — eg = constant, i.e. VT =0, Vut+eE=0. The 
expressions for j and q’ are written as follows, satisfying the condition stated: 


by. ashe 
E+ Ve =~ jt av, (44.12) 
q'=q-—(¢ — ple)j = aTj— «VT. (44.13) 


Here o is the electrical conductivity of the medium, « the thermal conductivity, a the 
thermoelectric coefficient; the relation between the coefficients of VT in (44.12) and j 
in (44.13) follows from Onsager’s principle. The quantity (@—p/e)j which is 
subtracted from the total energy flux is the convective energy flux.tf 

To calculate the transport coefficients, we start from the transport equation 


— eb egy Fo — yaya (44.14) 


Substituting the equilibrium distribution in the formt 


fo= expl[(u — €)/T], (44.15) 


we find 


df =—- fo (eE+ Vu). vt fo 


Tuto) VT. (44.16) 


rey 
T’v(v) * 
The thermoelectric coefficient is calculated from the coefficient in the equation 


+The relations (44.12) and (44.13) are written with a different notation in ECM, §25, where ¢ and Estood 
for 9 -~ple and E+Vyp/e. That definition is permissible in the phenomenological approach, but not 
appropriate in the kinetic theory, where — eE must be the force acting on the electron. 

The use of the same letter € to denote both the permittivity and the electron energy }mv’ is unlikely to 
cause any misunderstanding. 
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j=-—aoVT with E+ Vp/e =0. We write 


j--e | vafa’p 


= — fa | hit vv. VT) dp, 


and find after the averaging over directions 


_ Ne /v(u-e) os _ (ve v(v)) 
oS sort v(v) =a { {v‘}v(v)) }. CoM) 
Calculation with v(v) from (44.3) givest 
al (mh_ 
a=s (4 4). (44.18) 


To calculate the thermal conductivity we note that for j=0 we must have 
E+Vyle = aVT. Substituting this value in (44.16), with a from (44.18), gives 


of = pho (4-S)v. vr. 


With this function. the calculation of the energy flux 


q= | vedf d’p 
leads to 


_N, /v*e(4T — 2) 
ar a ae 
and finally 


_16V2 TY 
K = Tage aelk pyle (44.20) 


PROBLEM 


Find the collisional part of the damping of electron plasma waves. 

SOLUTION. If the imaginary part of the permittivity is small. the contributions to it from Landau 
damping and from collisions are additive. Then e is given by (44.9). and equating it to zero gives w = 2, — ty, 
where the damping ratio is 


__ Me _2V(2z) ze*LNe 
Y"3VG@n) 3. m@T* 


+In classical statistical physics, the chemical potential contains a term of the form ZT with an indefinite 
constant Z (corresponding to the indefinite addilive constant in the entropy). This in turn gives an indefinite 
constant Ye in a. The indefiniteness does not, however, influence any observable effects. since such terms 
({/e)VT cancel on the two sides of (44.12). If fo is written in the form (44.15), this fixes the choice of the 
constant Z: p = T loglNd(2amTy"]. 
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The ratio 
yO. =(V22L)3( NUT)? < | 


by viriue of the condition for the plasma to be rarefied, and this justifies the use of (44.9). 


§45. Runaway electrons 


The raptd decrease of the Coulomb cross-section with increasing speed of the 
colliding parlicles has the result, as we shall see, that in an electric field, however 
weak, the distribution function of sufficiently fast electrons in a plasma is highly 
distorted. 

An electron moving at the thermal speed v in an electric field E acquires during its 
mean free time a directed speed 


V ~eEl[mp ~ eE[mvN.o,(v) ~ v'mE/4z7e'LN,, 
with the cross-section o, from (41.7). For v — v,, where 
vb. = (47N.2°Li mE)”, (45.1) 


we have V ~ v, and for v > v, the mean free path and time are governed by the speed 
V. The momentum acquired by the electron tn the mean free time is then 


eEll V ~ eE] VN.o,(V) ~ V'm?El4e* LN, ~ mV(V/ 0, ). 


The momentum transferred by the electron at the end of its free path is ~ mV. Hence 
we see that electrons with sufficiently high speeds will be accelerated without Imiit; 
these are called runaway electrons. If v. > (T.{m)'”, the phenomenon will be observed 
only in the tail of the Maxwellian distribution; the electric field must then satisfy the 
condition 


E <E, = 47e’LN,/T.. (45.2) 


Under these circumstances the problem of runaway electrons may be solved as a 
stationary one. The majority of the electrons, whose distribution is Maxwellian, act as 
a large reservoir from which a small steady flux moves towards high energies.t 

It is evident, from the fact that the runaway electrons result from directed 
acceleration by the electric field, that they move chiefly at small angles 6 to the 
direction of the field. If, however, we seek to calculate only the flux of runaway 
electrons, their distribution function need not be determined completely; it is 
sufficient to find the energy distribution f averaged over angles. 

The transport equation for the electron momentum distribution in the electric field is 


of of : 
a oo = 45. 
at eE F + div,s = 0, (45.3) 


_tThe phenomenon of runaway electrons was pointed out by H. Dreicer (1958); the quantit, tive theory 
£iven here is due to A. V. Gurevich (1960). 


PK 902M 
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where sis the collisional flux in momentum space. In spherical polar coordinates p, 6, » 
in momentum space, with the polar axis along the force — eE, we have 


— eE. dflap = eE[cos 6 dffap — (sin 6/p) afl ae] 


= eg [58 2 a (p "Ns ap a9 Uf sin’ 9). 


The divergence of the flux is 


div,s = ap (P'S Sp)+ Lae sin @). 


p ae 06 


We average (45.3) over angles, i.e. multiply by 27 sin @ d0/4m and integrate. All 
terms containing 6/6 disappear, and the factor cos 6 may in the first approximation be 
replaced by unity. We thus obtain for the averaged function f the equation 


FS ON +e 0's, = 0. (45.4) 


This contains only the radial component of the flux in momentum space, which is 
related to the energy transfer in collisions. The contribution to it from ei collisions is 
evidently small in comparison with that from ee collisions. 

Since the runaway electrons are only a very small fraction of the total, in calculating 
the flux s, we need consider only their collisions with the main mass of Maxwellian 
electrons (not with one another), whose speeds are much less than those of the 
runaway electrons. Under these conditions there is no need to calculate s, afresh; we 
can write by direct analogy with (22.5) 


=~ Tarevyn| FE of a r| (45.5) 


where re(v) = 47re4N,L/m7v’ is the frequency of Coulomb collisions between fast and 
slow electrons (cf. (44.3)).7 Since the expression (45.5) refers to electrons with speeds 
v ~ v,, we have for the Coulomb logarithm 


L = log(mvale’). (45.6) 
The quantity 


S, = Sp + eEf (45.7) 


is seen from the form of (45.4) to be the total radial flux (from collisions and from the 
action of the field) in momentum space. According to the foregoing discussion, the 
distribution of runaway electrons may be sought in a stationary form, i.c. the time 


tIn deriving (22.5), we used only the smallness of the energy transfer in collisions, and thal of the target 
particle speed relalive to the incident electron speed. To change to the present case, we need only replace M 
in (22.5) by m and take as the mean free path { that for ee collisions. 
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derivative in the transport equation (45.4) may be neglected. Then 
4ap?S, = constant = ttn. (45.8) 


This equation, with Sp given by (45.5), is a differential equation determining the 
distribution function f. The constant ttn; gives the required total number of runaway 
electrons per unit time and volume. 

We use the dimensionless variable u and constant b defined by 


u=plp, b=EIE, pe =(mTJb)"”. (45.9) 


Then equation (45.8) becomes 
24 udf=c, (45.10) 


where the constant C differs from ¢tt., by a constant factor. Since we assume the field 
E <E,, the parameter b <1; in the present problem, this is the small parameter which 
gives the order of the approximation.t 

The solution of (45.10) is 


f=F-CF [ (u/ F) du, (45.11) 
0 
where 
e 1 3 
i aaat ye exp| 5p 0u'— uy} (45. 12) 


is the solution of the homogeneous equation. The normalization factor in F is 


determined from the condition that as u—0Q the function f should become the 
Maxwellian distribution 


N. 
fo= QaumT.)™ exp(— u7/2b). 


As u >, the function F increases without limit, whereas f(u) must remain finite. 
Hence we have the condition f/F > 0 as u >=, from which the constant C is found: 


x 


aan (I, 


exp| — 55 but whe au] (45.13) 


The integral is calculated by the saddie-point method, the exponent being expanded 
near its maximum at u = 1}. This yields the following dependence of the number of 
runaway electrons per unit time and volume on the field E: 


trun ~ Nevee(vre) exp(— EJ4E). (45.14) 
tIn particular, analysis of the angular pari of the transport equation shows that the directions of motion of 
4 


the runaway electrons lie in the range of angles @ ~ b’”. 
The formulation of the boundary conditions here is analogous to that in § 24. 
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The coefficient of the exponential here is only dimensionally correct; a more accurate 
calculation would go beyond the approximation being used and call for a more 
accurate solution of the transport equation from the start. 


§46. Convergent collision integrals 


The transport equation with the Landau collision integral allows problems of 
plasma physics to be solved only with logarithmic accuracy: the large argument of the 
Coulomb logarithm is not fully determined. This uncertainty is due to the divergence 
of the integrals at large and small scattering angles. As already mentioned, the 
divergence at large angles has no fundamental significance: it results only from the 
expansion in powers of the momentum transfer q, and does not occur in the 
Boltzmann collision integral itself. The divergence at small angles is due to neglecting 
the screening effect of the plasma on the scattering of particles by one another in it. To 
calculate the collision integral to a higher than logarithmic accuracy, we must 
consistently take account of screening throughout, and not only when determining the 
range of integration in the Coulomb logarithm. 

It has becn noted in § 41 that the conditions for the collision integral with screened 
interaction between charged particles to be applicable require that the distribution 
functions should not vary greatly in times ~ a/i,,.and over distances ~ a. These same 
conditions enable us to treat the screening of the charges macroscopically as the result 
of dielectric polarization of the plasma. 

We shall consider the problem in two limiting cases: (1) when the Born ap- 
proximation of quantum mechanics can be applied to particle collisions, (2) when the 
collision process iS quasi-classical. 


THE BORN CASE 


The first case occurs when 
lee'|{hib,4 <1. (46.1) 
The influence of the dielectric medium on particle scattering is most clearly 


expressed in the language of the diagram technique. In the Born approximation, the 
scattering of two particles is described (in the non-relativistic case) by the diagramt 


qtp p'~q 


—-  -- (46.2) 


p p’ 


+As in $41. the unprimed and primed quantities refer to the two colliding particles (which may be of the 
same or different types). 


$46 Convergent Collision Integrals 185 


in which the broken line corresponds to the function 4 z/q’, the Fourier component of the 
Coulomb potential of a unit charge (q being the momentum transferred in scattering). 
The only effect of the medium is to replace this function by the potential component in 
the medium, 47/q.qg€ag, where €.g(@, q/fi) is the permittivity tensor of the medium, 
and fw is the energy transferred; cf. SP 2, $85. The scattering amplitude correspond- 
ingly contains an extra factor q*/qaqg€qg, and the cross-section contains the squared 
modulus of this. Thus 


do = dopuG'll€apqudel’: (46.3) 


For simplicity, we shall henceforward assume the plasma to be isotropic. Then the 
tensor €,, reduces to two scalars e, and €,, and the product €.gq.gg = eq involves only 
one of these; we shall omit the suffix I, and denote by e the longitudinal permittivity. 

Thus the scattering cross-section becomes 


do = dog Jle(@, gli), (46.4) 


where doy iS the ordinary Rutherford cross-section for scattering in a vacuum.t Note 
also that the energy transferred in a collision is related to the momentum transfer by 


hw =q.V, (46.5) 


where V is the velocity of the centre of mass of the colliding particles.t The magnitude 
of the vector q is related to the scattering angle y in the centre-of-mass system by the 
usual formula 


q = 2p|v—v'| sin2x, (46.6) 


where py. = mm'/(m + mm’). 

The collision integral which automatically gives a correct treatment of large and 
small scattering angles, and is free from divergence, is obtained by substituting (46.4) 
in the usual Boltzmann integral (cf. (3.9)): 


ci)=> | ve + @f'(p'— q)— f(p)f'(p)} Meee’ (46.7) 


the summation is over all types of particle to which the primed quantities refer. 

The transport equation with the collision integral (46.7) is very complicated, not 
only because the integrand cannot be expanded in powers of q, but because the 
permittivity of the plasmais itself defined in terms of the distribution functions sought. 
An important simplification is attainable only in the case of a slight departure from 
€quilibrium, when the transport equation can be linearized. Then the permittivity is to 
be calculated with the equilibrium distribution functions, and so is independent of the 
Corrections sought. 


tIn the scattering of identical particles (through angles that are not small), dog. is to be taken as the 
Coulomb scattering cross-section with exchange effects (see QM, § 137). 

¥This is easily shown by expressing the velocities v and v' of the particles in terms of V and the velocity 
¥~Y¥' of their relative motion, and using the fact that V and |v — v'| are unchanged in scattering. 
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THE QUASI-CLASSICAL CASE 
Let us now go to the opposite limiting case, where 
lee'[hit,e > I (46.8) 


and the quasi-classical approximation is applicable to the scattering of particles. In 
this caSe, we cannot take into account the effect of the medium on the scattering in the 
same manner for small and large scattering angles (as was possible in the Born case); it 
is necessary to consider these two ranges separately and then join the results at 
intermediate angles. 

The field of a charge e moving with velocity v in a dielectric medium is given by the 
equation 


div D = 47re8(r — vt). 
In Fourier components, this gives for the field potentialt 


=_ 4ire —tk. vt 
Pe Re(k.v, ko (46.9) 


For small scattering angles, the change in the momentum of the particle is given (see 
Mechanics, §20) by the classical formula 


q=— | @UIan at, (46.10) 


where U is the interaction energy of the two particles, and the integration is taken 
along the straight path r= p + v't (p being the impact parameter vector). Expressing 
the energy U = e’g as a Fourier integral: 


: wk. r~a) dek 
U = 47ee k2e(w, ky (2) (46.11) 


with w =k-v, and substituting in (46.10), we obtain 


en er d’k ke'*-? = -tk.(v-w)t 
q- 4miee Fe gre k) hee e at}, 


The inner integral gives 27r5(kp)/|v — v'|, where k: is the component of the vector kin the 


+The derivation of (46.9) assumes a linear relation between D and E, and therefore a sufficiently weak 
field. This Condition is certainly salisfied (in a slightly non-ideal gas) at dislances r = a. from which arises the 
divergence thal is lo be eliminated by the use of formula (46.9). These distances correspond 1o values of 
k < Ifa. for which the permittivity is considerably different from unity. 

#1t does not matter whether q is calculated as ihe change in momentum of each of the colliding parlicles, 
or as Ihe change in momentum of their relative molion 


lision Inteerals, Oe 
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direction of v — v’. Then, eliminating the delta function by integration over dk,, we find 


4iriee’ k,e'k-P ak; 


w—v]J ke, ky) ry” (46.12) 


a 


where k,, like p, is a two-dimensional vector in the plane perpendicular to v— v°. The 
frequency is 


w=k,.v=k,.V. (46.13) 


In the rest of this section we shall omit the suffix 1 and denote by k this 
two-dimensional vector. 
We now calculate from (46.12) the quantities 


Big = 1] deap|v — v'| d’p, (46.14) 


which appear in the collision integral when it is expanded in powers of the small 
quantity q: the cross-section do in (41.4) is here written as the impact area d’p. Writing 
the product of two integrals (46.12) as a double integral over d°k d’k', we carry out the 
integration over d’p by means of the formula 


| er NO Gp = (2r)VS(k +k’). 
The integration over d*k* then simply removes the delta function, leaving 


2e7e" kaka d’k 
lek. Ve ; 


“Ww 


where we have also used the fact that e(— w, k) = €*(a, k) by (28.9). These integrals 
converge for small k, since |e] *>0 as w, k > 0.T 

Equation (46.15) involves the permittivity at the non-zero frequency w =k. V: itis 
therefore sometimes said to take account of dynamic screening. The integrand in 
(46.15) depends on the direction of V through the argument k - V of the function e. This 
dependence disappears when the integral is calculated in the logarithmic ap- 
proximation, in which the integration is limited to the range from k ~ I/a to 
k ~ pv*Jlee'|. The most important values of k in the integral are those far from both 
these limits; in that range, |e|’ = 1, and the integral reduces to f kokg d°k/k*. Averaging 
the integrand over all directions of k in the plane perpendicular to v— v’, we return to 
the previous expression (41.8) with L = f dk/k. 

To eliminate the divergence at large momentum transfers we must, as already 
mentioned, join the collision integral expanded in powers of q to the unexpanded 
integral (J. Hubbard 1961, O. Aono 1962). 


+The elimination of the divergence due to Coulomb field screening in the Landau collision integral is due 
lo R. Balescu (1960) and A. Lenard (1960). The completely convergent expression (46.7) was given by A, A. 
Rukhadze and V. P. Silin (1961). 
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Let us consider the difference 
Calf)— Ca(f), (46.16) 


where C., is the required convergent collision integral, and Cg is given by (46.7), which 
in the Born case is the correct collision integral, but here has only an auxiliary role. 

We divide the range of variation of the scattering angle into two parts: (I) y < x1, JD) 
xX >x1. where x; is chosen so that 


lee" wad ia <1 <1. (46.17) 


In classical scattering through small angles ina Coulomb field, the scattering angle x 
is related to the impact parameter p by 


p = 2Jee'|lulv—v')'x. 


Hence the value y = x: corresponds, with the condition (46.17), to p = p; <a, so that 
the screening at this distance is unimportant and the scattering may in fact be regarded 
as purely Coulomb scattering. The same applies to the whole of the range p < pi, i.e. 
x > x1. The scattering cross-section in this range consequently has the Rutherford 
form, and the corresponding contribution to the collision integral is 


CUN=D fl Vlora - a fo WIV dor. 


The contribution from the range x > y; to the integral (46.7) is exactly similar: in that 
range, q > q,, and by the condition (46.8) 


ailh ~ po0raxilh > lee'|/hd,.a > Ia, 


so that we may put |e|* = 1 in (46.7). Thus acontribution to the difference (46.16) arises 
only from the range x < x1 (p > 1), which remains to be considered. 

Throughout this range, the momentum transfer is small, and so the collision integral 
may be expanded in powers of q. The quantities Bag which appear in the expanded Cy 
are Calculated as the integrals (46.14) with q from (46.12). The contribution to these 
integrals from the range p > p, is 


eé 
(Bugis ec " 
Fe={ @o({ “ie ee “ak |e ikee ak), (46.18) 
P| 


where the limits in the double integrals (over d’p and d*k) are conventionally shown 
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by the limits for p and k. We can rewrite the Fy, identically as 


> ayh ah - 
Fap= | ap([ ...k) ([" ...ak) 
0 0 a \JO0 B 
PI “ ah “ ah 
-| #p([ ak) (| 2k) 
0 0 a \Jo B 
+| #p([ ... dk) (| ... Pk) 
ry 0 a \Jaith 8 
“ 2 7 ah > 
+| #p({ Pk) (| ..#k) (46.19) 
ry gqyh ao 0 B 


The first term here, when transformed as in the derivation of (46.15), gives a 
contribution to (46.18) 


2(ee'y 4" Kake a2) 
Iv-v]Jo  k'lel 


This expression ts the same as would be obtained by an expansion of the integral (46.7) 
taken over the range y < y,;7 it therefore makes no contribution to the difference 
(46.16). 

To transform the remaining terms tn (46.19), we note that we may put e = | in their 
integrands: the integrals then remain Convergent, and their values are determined by 
the range k ~ q,/h, in which ka > | and therefore |e] ~ I. It is also important that, by 
virtue of the condition (46.8), 


Gipdh = Qlee'|[hv > 1; (46.20) 


we need therefore retain only the terms that remain finite as q,pi/h > 0. In this limit, 
the third and fourth terms in (46.19) vanish. Thus there remains only 


"? a ath ; 22. fadh : 2) 
(Bag) — (Bog) Sce AON #p({ ike? Se ie ikge™” >), (46.21) 


22’|v — v'| Jo 
where the suffixes cl and B signify that the values of Bg relate to the expansions of the 
integrals Cy and Cg respectively. 
Each of the two integrals over d’k is parallel to the vector p; after integration over 


these directions (in the plane perpendicular to v— v’), we obtain for the difference 
(46.21) the expression (41.8) with the opposite sign and 


a) i ql fla 2 
L=| pdp|>- | i cos ye" dp dk | : 
0 27 Jo 0 


+The Rutherford cross-section for scattering through small angles, expressed in terms of q. is 


if we use the formulae q ~ plv— v'lx, do ~ d°qip(v—v'y. 
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Using the familiar integral representation of the Bessel functions, and the equation 
Ji(x) = — Ji(x), we can rewrite this integral as 


ee [" dol ["" I,(kp) ax) 


eyqyth ad 
=[" reo 1k, 


or, integrating by parts, 
L =log(aipilh) +2 | sGo lx) — 1 toe x de, 


Here we have used the fact that the parameter p,q,/h (which does not involve the 
auxiliary quantity y,) is large; accordingly, the upper limit is replaced by infinity tn the 
remaining integral, and in the first term we put Jo(q,pi/h) = 0. With the values 


{ Ji(x) log x dx = — C + log 2, 

0 

| Jo(x) I(x) log x dx = {log 2— C), 
0 


where C = 0.577... is Euler’s constant (y = e© = 1.78... .), and with (46.20), we have 
finally 


L=log _ylee'L (46 22) 


hilv—v’ 


The total result of these calculations is that in the quasi-classical case the 
collision integral without divergence may be expressed as 


Calf) = Caf) — CL), (46.23) 


where Cp, is given by (46.7), and C, is the Landau collision integral with the 
Coulomb logarithm (46.22). It must be emphasized that, in the latter, |v — y'| is the 
exact variable, not the mean value o,¢. 

Because of the approximations made in the derivation, this result is of course 
valid only with “improved logarithmic” accuracy: the transport equation with the 
collision integral (46.23) enables us to improve the accuracy of the calculations only 
as regards determining the exact coefficient in the argument of the large logarithm. 
To this accuracy, the quantity # naturally drops out of all the results; in (46.23) it 
acts only as an auxiliary parameter. 


PROBLEMS 


PROBLEM I. In the Born case with improved logarithmic accuracy. calculate the imaginary part of 
the permittivity of a singly charged (z = I) equilibrium (7, = T.) plasma for frequencies w > va. 
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SOLUTION. In calculating €” when w > v, we need consider only ei collisions, as explained in 
connection with the derivation of (44.8). Since the collision integral (46.7) differs from the usual 
Boltzmann integral only by the factor |e|~? in front of dou, the required €” can be calculated by means 
of the same formula (44.8): 


C0) = EFT (2 ode W) 


where (...)e and (...), denote averaging over the equilibrium distribution of electron velocities vy, and 
ion velocities v, respectively. The only difference from the calculations in §44 is that o; is now defined 
as 


o= | (Il- cos x)le(q. vilh, glk)? doru, (2) 


and that o; has to be averaged over the ion velocities (Which of course are not negligible here); in the 
argument w =q. V/h of the function e€, the velocity of the centre of mass of the electron and the ion has 
been replaced, as an approximation, by the velocity of the ion. The Rutherford cross-section is written 
as 


doru ~ 


(ze’)’m? _2a sin x dy _ 8a(ze’)ym? 
4pe sin'ty peg “% (3) 


where 
q=2p.sin3x, 1-cos x=qQ 2p. 0X q=2pe. 
and pe = my¢ is the electron momentum. 
The function €(w, g/h) — I is determined by (31.11), and consists of electronic and ionic parts. Since its 
argument in (2) hw = q.v. < qv,, the electronic part may be taken with w = 0. Then 


€(q. vik, qih) — 1 = (hq? ae {2 + F (vl 2vn)}, (4) 


where vig is the component of v, along q, and we have used the fact that a = a, if z = I. 
Substitution of (3) and (4) in (2) and an obvious change of variables gives 


Oe aaa i te dé dg 
ee Jo o 42+ POr+F Or 


where F = F'+iF". The integration: over df is elementary; in substituting the limits, we must note that 
Wipe ae <1, and reject all terms ~ h’/pea¢ and those of higher orders. The result is 


(or) = (4rre“}m?’ ve flog(2mveadh + A), (5) 
where 


fie 1 i, of [tant 2 
Vat vu € Ff’ PF" 


Here we have used the fact that F’ and F” are respectively even and odd functions. A numerical 
calculation gives A = — 0.69. 
The averaging in (I) is carried out by means of the formulae 


- | ~4logl(2+ FY + Fn} dé. 


(v ')=(2m/aT)"”, 


(85) Gaz) [ee Ch 


C being Euler’s constant. The final result is 


» AV) e'Ne OC _. an(nT) a 
a ayia Se ke 
log ap = 3log2—3C + A = log 1.06 (6) 


(V. I. Perel’ and G. M. Eliashberg 1961). 
PROBLEM 2. The same as Problem |, but in the quasi-classical case. 
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Sot UTION. From (46.23) the expression for a in the quasi-classical case is found by subtracting 
log(ye/kv) from the logarithm in (5): 


e 
(or) = = moe a7", [log 


For e’. 4e get formula (6), with the Iogaritthm Lp replaced by 


is 

2MU¢e Oe 

eel 
€ 


+ Al (7) 


La = log( Faeaale’). log a= 2 log2—2C + A = log 0.63. (8) 


PROBLEM 3. Determine with improved logarithmic accuracy the rate of energy transfer from electrons to 
ions in a Singly charged (z = 1) plasma, assuming the temperature difference between the electrons and the 
ions to be small (5T = T. — Ti < Te).t 

Sor UTION Sincethe ratio m/M is small (and therefore sois the energy transfer per event), itis clear from 
the start that the equation for the electron distribution function reduces to one of the Fokker—Planck type. It is 


(see $21) 
of. = Of, ye 
al pe ape ape tP* Bod L ine ited} 
We multiply by pe /2nt and integrate over 4a dp. After integrating by parts, we findas the rate of change of 


the electron energy 
of, Ue | 1 
= el a— tafe is 
J Bel Tae? 


Assuming the electron distribution function Maxwellian, and the temperature difference small, we have 


te (L od) foie 
=~ —(8T/T")Ne(Boe de. (9) 


The coefficient B. as in (21.11), is expreseed in terms of the mean square of the change in the electron 
momentum in a collision with an ion: 


aay rein we | (ap-P do. (10) 


The value of Ape is given by (46.5): 
Ape =—V.qlte =— V.. Qi e = vig Ve. 


Substituting in (10) and thence in (9), and using the relation between q and the scattering angle y from 
Problem I, we get 


dEd dl = — (8TIT*)Nm7(ve(vigorde (Ni = Ne = N). (11) 


Formula (11) is exactly analogous to (I) in Problem I, and the subsequent calculations are therefore 
practically identical. In the Born case, 


4ne"T 2mvelte 
(veo = ag log —— h —— +A i} 


where Ai is an integral which differs from A in Problem I by having an additional factor 26° in the 
integrand, a numerical calculation gives Ai = — 0.52. The averaging over electron velocities is as In 
Problem 1, The final result is 


dE.  4V(2Qam)N*e* 
nah Sea ULE LNA 


ai ee Lg &T, Lp =log(Ba(nT)' adh), (12) 


tThis problem was discussed by R. R. Ramazashvili, A. A. Rukhadze and V. P, Silin (1962). 
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where . 
log Bp = 2 log 2 — 1C+Ai= log 1.26. 


Similarly, in the quasi-classical case, we obtain an expression in the same form (12) but with Lp 
replaced by 
La =log(Ta.Bule’), log Bu = 2 log 2- 2C + At = log 0.75. (13) 


Formulae (12) and (13) refine the results of §42 by determining (for the case of a small temperature 
difference) the numerical factor in the argument of the logarithm in (42.6). 


§47. Interaction via plasnia waves 


In some cases, the inclusion of dynamic screening of the Coulomb interaction of 
particles in a plasma not only refines the argument of the Coulomb logarithm, but 
also leads to qualitatively new effects. To investigate these, we can ptt the collision 
integral tn a form that gives the exact contribution from small-angle scattering, but 
only wuh logarithmic accuracy the contribution from large-angle scatiering. 

In the quasi-classical case, the large scattering angles (y ~ 1) arise froin small 
impact parameters: 


p <lee'|[d24. 


The required collision integral has the Landau form, with the B,g from (46.15): 


~ jeer y [oie __kgkgd?k 

lv—v lv—v' k‘le(k. V, k)|” (47.1) 
where the integration ts taken over the range up to 

Kmax ae LDrellee'|. (47.2) 


In the opposite (Born) case, the required form of the collision integral is feund 
by expanding the integrand in (46.7) in powers of q. The result ts ag.en a J :.adau 
integral, with the B,g given by the same formula (47.1), except that 


Kee iam pd alh; (47.3) 


the value of k is q/h for a momentum transfer q ~ pi,1. Let us mentton once more 
that the physical significance of the cut-off at large k is the same in the classical 
and Born cases: it takes place at scattering angles y ~ 1. The different relations 
between k and y in the two cases lead, however, to different expressions for Kmax. 

The Landau collision integral with the Bag from (47.1) is called the Bulescu- 
Lenard integral.t We can rewrite (47.1) in a form more convenient for the 
subsequent analysis: 


Bop = 2(ee’? | { Pe RT Ce ee ee (47.4) 
te, en k‘le(w, k)| 


—e mak 


“The formal derivation of this integral will be given at the end of § 51, 


194 Collisions in Plasmnas 


where the integration ts now over three-dimensional (instead of two-dimensional) 
vectors k. The two delta functions in the integrand ensure the equality k.v=k.v’, 
i.e. that k is transverse to y— vy’. The integration over w replaces the argument w in 
e(w, k) by the necessary value w =k.v=k.v'=k.V. 

Note that the factor |e(w, k)|? in the integrand in (47.4) becomes infinite for 
values of w =k. V and k such that €(w, k) = 0, t.e. for values corresponding to the 
dispersion relation for longitudinal plasma waves. These values of k may make a 
large contribution to the collision integral. This contribution may be physically 
described as the result of interaction between particles by their emission and 
absorpiiva of plasma waves. The effect will be considerable, however, only if the 
plasma contains sufficiently many particles whose speeds are comparable with or 
greater than the phase velocity v,,= w/k of the waves, Since only such particles can 
salisfy the necessary relation w =k. V. 

Let us consider a plasma in which the electrons and ions have different 
temperatures T, and 7; When T, ~ Jj, only electron plasma waves with phase 
velocily v,,> v7 Can propagate in the plasma without appreciable damping; the 
number of electrons that can “exchange”’ waves in this case is therefore exponen- 
italy small. 

If T. > T;, however, ion-sound waves also are able to propagate in the plasma; 
their phase velocity satisfies the inequalities 


OT < olk < Dre. (47.5) 


These waves can make an important contribution to the collision integral between 
electrons (V. P. Silin 1962). 

Let B‘%' denote the part due to this effect in the electron—electron quantities B&. 
It arises from the range of integration in (47.4) that lies near the root of e(w,k)=0 
corresponding to the dispersion relation for ton-sound waves. This root w(k) has a 
small imaginary part (the damping ratio of the wave); when w has real values tn the 
range of integration, the real part of the function € = e’+ ie” passes through zero, 
while the imaginary part remains small. Using formula (30.9), we write the factor 
|e] > in the integrand in (47.4) as 


I I T 

a i ut, = Lua 7) : = 
jee ete? ey Ol”) 
For the clectron—electron collision integral, the velocities v and v' in (47.4) relate to 
electrons, and because of the inequality w <kv;, the terms w may be omitted from 
the arguments of the two delta functions. Thus the relevant part of B‘G is 
kakg Pk dw 


ee nee 
Bip=2net | | 5(k. Wolk. v)6(€) Ener 


(47.6) 


the integration over d’k being over the range (47.5) for a given w. 
We cun transform the integral over d’k to new variables 


k=k.n, k=k.v, k=k.v, 
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where n iS a Unit vector along vv’. Direct calculation of the Jacobian of the 
transformation shows that d’k is replaced by dx dk, dk,/|v x v'|. The integration 
over dk, dk, removes the delta functions (which make k, = k, = 0), and then k = xn. 
The variable «x takes both positive and negative values; with integration over 
positive values only, we write 


27re‘n,n S[e(a, k)] 
(pD _ Bi 
Bde lv x v| 2f [_ Has Ke"(w, «)| | dw dk. (47.7) 


The permittivity of a two-temperature plasma in the ion-sound wave region (47.5) 
is given byt 


e'=1—O7/0? 4+ YkaZ, 


2 2 
= Vza(% + TF exp(~ w/2k*v5)} (28) 


k? (v3, 
The main contribution to the integral over d« in (47.7) comes (as will be confirmed 
by the subsequent calculation) from the range a,x >1; the last term in e'(w, x) ts 
therefore negligible. Since 
8(1 — D7] wv?) = 30;[8(@ — 0;) + &(@ + O))], 


the integration over dw in (47.7) gives 


47e‘Q; 


BY = hog lv |vxv] | etic 


or, substituting the expression for e” and using the variable € = x7a7, 


2V (2m )etv a dé 
(pd) — oN NOM ee UT che. 
Bap = mate vg? I +exp(— 1/264!) oe) 
where 
L, = log(Of0$-10.40§;) = log(z27MT2/mT>). (47.10) 


Because of the conditions (47.5), the integration in (47.9) must be taken over the 
range (Qja/0.a.)° <& <1. Since the integral converges for small é, the lower limit 
may be taken as zero. 

As L,->, the integral in (47.9) tends to zero; assuming that L, is fairly large, we 
Shall calculate it in the logarithmic approximation, i.e. take only the first term in 
the expansion in powers of 1/L,. The main contribution to the integral comes from 
the range where the exponential term in the denominator is negligible. For this, we 
must have— 1/2 +51, > 1, i.e. the integral is to be taken from 0 to I/(L;— 1) ~ HL), 


tSee (33.3). The ionic contribution to e” is also included in (47.8). Although it is exponentially small in the 
region (47.5), it determines the range of integration in (47.9) below. 
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which gives simply 1/L,.t The final result ts therefore 


2V (2rr)e*zvreTe 


vVXviTLy (47.11) 


(pt) _ 
BY) = nag 


The total value of the B'S) in the electron—electron collision integral is found by 
adding (47.11) to the ordinary Coulomb expression (41.8), with the Debye length 


a=(ata,y"~a, 


in the argument of the Coulomb logarithm L. The contribution (47.11) of the plasma 
waves becomes predominant when 


zT./T,LL,> 1. (47.12) 


$48. Plasma absorption in the high-frequency limit 


The frequency range in which the formula (44.9) is valid for the imaginary part of 
the plasma permittivity is limited by the inequalities 0, >> vy, The first in- 
equality is the general condition for the collision integral with screened Coulomb 
interaction to be applicable. Let us now consider the limit opposite to this, for 
which 


o>. (48.1) 


We can note immediately that here the real part e’ of the permittivity is certainly 
close to unity, and the imaginary part e" is small. 

Dissipation of the energy of the variable external field is caused by ei collisions, 
whose duration is of the order of, or less than, the period of the field. This means 
that, for w >, collisions will be tmportant which occur at distances ~ vp/w < 
ur, /Q, = a,. At such distances the Coulomb field of the ions is not screened, and the 
collisions are therefore purely two-particle ones, not multi-particle as they essen- 
tially are when the interaction is screened. Under these conditions, the individual 
field energy absorption events become processes inverse to bremsstrahlung in pair 
collisions of charged particles. This enables us to use the principle of detailed 
balancing to express e” in terms of the bremsstrahlung cross-section (V. L. 
Ginzburg 1949). 

The dissipation Q of the electromagnetic field energy per unit volume of the 
medium and per unit time is expressed in terms of e” by (30.5). In order to relate 
this quantity to the bremsstrahlung cross-section, we assume that the field is 
created by a monochromatic plane wave in which the energy density is 


€ =(E°+ H?)/8a = |EP/87; 


In ihe range that is important in the integral, €~ I/Lt, te. « ~ Wad.{?. Then xa. ~ adaLt? ~ 
(TAT.Ly)" > I. in accordance with the assumption made above. 
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in the latter expression, it is assumed that E is expressed as a complex quantity (cf. 
the third footnote to §30). Since the permittivity is nearly unity, we put here e = I. 
Then formula (30.5) may be written 


Q = wee. (48.2) 


On the other hand, the dissipation is equal to the difference between the energy 
Q.», absorbed in electron-ion collisions and the energy radtated tn these collisions. 
That is, the energy Qy of the stimulated (not the spontaneous) emission, which 
generates photons coherent with the original field and in that sense indistinguishable 
from it. 

The cross-section for spontaneous emission of a photon, te. the ordinary 
bremsstrahlung, may be written as 


' Ty, 
ce (Psp) eee ony dp’, (48.3) 


where k is the photon wave vector, p and p’ the initial and final mamenta of the 
electron. The product N,vdo.,, where N, is the number density of ions, is the 
probability per unit time for the electron to undergo emission of a photon; the 
function w(p’, p) depends also on the polarization of the photon emitted. Integrat- 
ing over the directions of p’ and k, and summing over the polarizations of the 
photon, we obtain the frequency-differential bremsstrahlung cross-section do,,; the 
delta function in (48.3) is removed by integration with respect to e' = p”/2m. Thus 


do,, = (4m’v'|zvc?) Ww" da, 
where w(p, p’) is the value of w(p, p’) averaged over the directions of » and p’: this 
value is independent of the polarization of the photon, and hence the summation 
over the latter amounts to multiplication by 2. With the “effective emission” k, 
defined by 
hw do, = k, do, 
we can then write 
Ww = (arec*/4m7v'hw’)«,,. (48.4) 
The stimulated emission cross-section differs from (48.3) only by the factor Nxe. 
the number of photons in the quantum state with wave vector k, and polarization e 


parallel to E (see RQT, §44). Hence the total energy of the stimulated emission is 


d’k 
(27r)’ 


Qx= NE [ Metiow(p', pIf(p)8 le — €— ho) LK, ap ap’, 


where f(p) is the electron distribution function. We shall take this function to be 
Maxwellian, depending only on the magnitude p. Averaging over the directions of p 


Pr ON 
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and p’, and noting that from the monochromaticity of the field 
d‘k _ 
2 | Ne Oa) = Slho, 
we Can write 


Qy = NiS { wf(p)8(e — €'— hw) d?p d’p'. (48.5) 


The energy absorbed in the inverse transitions with change of electron momen- 
tum p'—>p (inelastic electron scattering in the electromagnetic field) is calculated 
similarly. According to the principle of detailed balancing, the probability functions 
w which determine the cross-sections for the direct and reverse processes are 
equal. We therefore get an expression for Q.., that differs from (48.5) only in that 
the distribution function f(p) ts replaced by f(p'). The dissipation Q = Qu; — Qu; a 
comparison with (48.2) shows that 


e" = (Nia) | {f(y f(O)6(€~ €’ — he) d°p dp (48.6) 


We shall consider only frequencies such that 
hw <T. (48.7) 
Then the difference p'— p is small, and we can put 
f(p) —f(p) = — (dfldejhw = (hol T)f(p), 
and in the remaining factors p = p’. Substituting this in (48.6) and expressing W in 


terms of k,, by (48.4), we finally obtain the following expression for the imaginary 
part of the permittivity: 


€"(w) = N,N. (7°07/Tw*)vK..), (48.8) 
where the angle brackets denote averaging over the Maxwellian distribution of 
electrons. 

Let us apply this formula in two limiting cases: the quasi-classical case and the 
Born case. In the first of these, t-e. when 
ze"lhv > I, (48.9) 
the frequency range w > ©, can be reduced further to 
mv3,/ze? > w > O,. (48 10) 
The quantity on the left is the reciprocal of the electron time of flight at a distance 


from the ion such that the scattering angle is of the order of unity. It is easily seen 
that (48.7) necessarily follows from the conditions (48.9) and (48.10). In the 
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quasi-classical case the effective emission at the frequencies (48.10) tn a collision 
between an electron and an ion al rest is given by 


Ky = (162z7e9/3 2c? m’) log (2mv?]-ywze’), (48.11) 


where y = e© = 1.78..., and C is Euler’s constant; see Fields (70.21). Substituting 
in (48.8) and carrying out the averaging we obtaint 


‘ _4V(27) ze’N, 02 512 P32 
CFE PTW yd OB ety (48.12) 


In the Born case, i.e. when ze*/hv <1, the effective emission at frequencies 
hw < T is given byt 


Ke = (1627e°/3 v?c'm?) log (2mv"/hw). (48.13) 


A calculation with (48.8) gives 


« _4V (27) ze"Ne Oe 4T 
' 3 ame er yh’ 


(48. 14) 


which differs from (44.9) only in the argument of the logarithm. 


§49. Quasi-linear theory of Landau damping 


The theory of plasma oscillations in §§29-32 ts based on solving the transport 
equation in the linear approximation of perturbation theory. The condition for its 
validity is that the correction 6f (29.2) to the distribution function be small in 
comparison with the unperturbed function fo: 


cE oft 


kul bee (49.1) 


For only slightly damped plasma oscillations with frequency ~Q, and wave 
number k <Q,,/v7,, it is thus necessary that 


(eF/Q.)efol dp < fo. 
For a Maxwellian plasma, this Condition (with both sides squared) can be written 


E’/4a <N-T.. (49.2) 
tUsing the result that 
[ie *log xdx=—C. 
0 


+See RQT (92.16). In going from this formula to (48.14), we have also uSed the fact that when 
hw <T = mv je the electron Joses only a small part of its energy by radiation. 
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This form has a simple physical significance: the wave-field energy density must be 
much less than the kinetic energy density of the plasma electrons. 

The condition (49.2) ensures that the correction 6f is small for most of the 
electrons. However, even if it is satisfied, there are a relatively small number of 
resonant particles for which (49.1) may not be satisfied, which are moving almost in 
phase with the wave (k.v~w) and thus take part in Landau damping; their 
distribution function may be considerably altered by even a weak field. This change 
is a non-linear effect, and its nature therefore depends greatly on the spectrum (in w 
and k) of the wave field, since it is only in the linear approximation that the various 
Fourier components of the field act independently on the particles. 

Here we shall consider electromagnetic perturbations in a plasma that are an 
assembly of plasma waves with wave vectors taking a continuous range of values 
in some interval Ak. 

If the initial perturbation includes a wide range of wave numbers k ~ 2,/vr¢, the 
Landau damping extends to a large number of electrons that are in the same 
conditions as regards the effect of the field on them. In consequence, the distortion 
of the distribution function is relatively small at all speeds; the linear theory, with 
the condition (49.2), is therefore valid throughout the development of the pertur- 
bation. 

On the other hand, if the perturbation contains wave vectors in only a narrow 
range Ak near a value ky <1,/v,,, then the resonance range of electron velocities, 


| Av] ~ ACQ.SK) ~ (vol ko)|AK], Vo = (Qe! ko) Kal Ko, (49.3) 


is also small and lies near vp > vy. Thus only a comparatively small number of 
electrons participate in Landau damping, and the electron distribution function may 
be greatly changed. 

The quantitative theory of this phenomenon will be given here for the case where 
the perturbation is an almost monochromatic wave whose amplitude and phase are 
modulated in space according to some statistical law. The spectrum of k values for 
the initial perturbation is narrow: 


|Ak|/ko <1, (49.4) 
but at the same time 


|Ak|/k > (1/v0)(elgol/n), (49.5) 


Where @o is the order of magnitude of the wave electric field potential amplitude 
(the significance of this condition will be explained below). By (49.2) (where 
E ~ kg) the expression on the right of the inequality (49.5) is small, e|qo|/mmvg’ < I. 
We shall also assume the field to be uniform on average throughout the plasma; this 
means that E? averaged over the statistical distribution of wave phases and am- 
plitudes is independent of the coordinates. Such an averaging is equivalent to one 
over regions of space with dimensions Ax > 1/|Ak|. 
The field E at the initial instant is expressed as a Fourier integral: 


ke E,e*-* @Pki(2m)?, (49.6) 
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where E_, = E% since E is real. The hypothesis (49.4) as to the nature of the initial 
perturbation signifies that the integration in (49.6) is in practice taken only over the 
neighbourhoods of the points k= +kp. The condition of spatial uniformity of the 
perturbation is easily formulated by writing the quadratic tensor E,Eg as a double 
integral: 


ray. OK Pk’ 


After averaging over the statistical distribution, this expression should be in- 
dependent of r.t For this to be so, the mean value (E,,E,,) Must contain the delta 
function 6(k+k’). Since the plasma waves are longitudinal, we then write 


(Exo Eye) = (27) Ke (E’), 5(k +k’). (49.7) 


This relation is to be regarded as a definition of the quantities symbolically denoted 
by (E?),. These are real quantities. The expression (49.7) is zero except when 
k= -—k’, and is symmetrical with respect to the interchange of k and k’. Hence 
(E’), = (E”)_,; and a change in the sign of k is equivalent to taking the complex 
conjugate. The mean square (E’) is expressed in terms of these quantities by 


(E’ = (EF), d*k/(27y. (49.8) 


The ttegration in (49.6), and therefore in (49.8), is (as already mentioned) taken 
over the neighbourhoods of the points kp and — Kp. It is, however, more Convenient 
to eliminate — ky by putting (49.6) in the form 


= ior ak 
E= is F,e “Ont C.C., (49.9) 


where the integration is taken Only over the neighbourhood of the point k = ko, and 
c.c. denotes the complex conjugate. Accordingly, (49.8) is written as 


(E2) =2 | (E2), 2kI(2a), (49.10) 
k~Ky 


and the relations (49.7) as 


(ExcEt,) = (27) (E* ), “ate 8 5K — k’), 
(49.11) 
(Exa Eng) =a 


; tFor perturbations of the type under consideration, the integrals Ex = f E(r)e~*' d’x in fact diverge, 
since E(r) is not Zero at infinity. This, however, is not important in the formal derivations, which involve 
Mean squares that are Certainly finite. 
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The time variation of the perturbation (49.9) is represented by 
E- efk Tonk (t) ak +C.c., (49.12) 
k=ky (277) 


where w(k)~), is the plasma wave frequency, and the coefficients E,(t) vary 
slowly on account of Landau damping. The electron distribution function is 
expressed similarly: 


3 
f = fot, p)+ {| f.ft, pe“ a a + c.c.}. (49.13) 
k=ky (27) 

The expression in the braces is the “random” part of the variation of the 
distribution function, oscillating rapidly in space and time; it vanishes on Statistical 
averaging of the waves. The term fo(t,p) is the slowly varying averaged dis- 
tribution.t 

Our object is to derive a set of equations to determine the time variation of 
averaged characteristics of the state of the plasma, namely the functions (E’), and 
fo(t, p). For such a set of equations to be closed, these characteristics must embrace 
all electrons participating in the non-linear effects concerned. In turn, the velocity 
range (49.3) corresponding to the spread of wave vectors Ak must then always 
widely overlap the amplitude of the electron velocity oscillations due to the field of 
the waves in resonance with the electrons. This is the condition expressed by the 
inequality (49.5); (e|go|/m)"” is the order of magnitude of the amplitude in question. 
For, in coordinates moving with the phase velocity of the wave, the wave field is 
static and consists of a sequence of potential humps with height |g. In these 
coordinates, a resonant electron oscillates between two humps, and its speed varies 
in the range between + (2e|pql/m)'”. 

One of the equations relating (E’), and fo expresses the Landau damping of each 
Fourier component of the field: 


d(F°),/dt = — 2y (Ek (49.14) 
where 
Yn = 27770), ile ; is 5(w —k.v) d’p (49.15) 


is, from (32.6) and (30.1), the wave amplitude damping ratio; the factor 2 on the 
right of (49.14) appears because (E’), is quadratic. 

The second equation is derived from the transport equation for a collisionless 
plasma: 


ee mene 


at :f or dp (49.16) 


Let us first apply this in the linear approximation to an individual Fourier com- 
ponent of the perturbation. In the last term in the equation, which already contains 


tNot to be confused with the Maxwellian equilibrium distribulion. 
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the small quantity E,e*-'-“", we put f ~ fo. In the first term, we neglect the slow 
variation of f, with t. Then we get for f, the usual expression 


ieK, Of 


DiS ey dp’ 


(49.17) 


where, in the subsequent integrations, w is to be taken to have the customary 
meaning w + 10. 

Next, we substitute in (49.16) the complete expressions (49.12) and (49.13) for E 
and f, with f, from (49.17), and average over the statistical distribution of waves by 
means of (49.11). All terms linear in the perturbation drop out; the quadratic terms 
determine the derivative dfo/dt as 


Mo 92d {fo [bale gy [tt ak) 
at Pa Lapp Jk~Ky ke ‘lw-k.vt+i0 w—k.v—i0Jj (Qa) 


Replacing the difference in the square brackets by 2785(w—k-v) according to 
(29.8), we have finally 


Of _ al (nl) ote), 49 18 
at Da Des ® apg at) 


where 


k 


D(p) = 27e? i (£9, 5(w k. y) fs (49.19) 


Equations (49.14) and (49.18) constitute the required complete set. The theory of 
plasma waves based on them is called the quasi-linear theory.t 

Equation (49.18) has the form of a diffusion equation in velocity space, with D&%’ 
as the diffusion coefficient tensor; the superscript nl indicates that this “diffusion” 
is due to non-linearity effects. The coefficients as functions of the electron velocity 
are zero except in a range Ay near vo, which is related to the spread Ak by (49.3). In 
this velocity range, diffusion occurs and there is a corresponding distortion of the 
distribution function (which remains Maxwellian for the bulk of the electrons). The 
nature of the distortion is evident from the general properties of diffusion proccs- 
ses: diffusion causes a smoothing, or in this case a plateau of width ~ Av on the 
tail of the function f,(p) at v ~ vo > vz, as shown diagrammatically in Fig. 13. With 
this type of distortion, the principal change ts in the derivative dfo/ép, while fy itself 
remains Close to the Maxwellian value. 

Let us estimate the relaxation time 7, for this process. Since the equalization is 
to take place over a range Ap = mAv, we have 


~ m(Avy/D™. (49.20) 


To estimate the diffusion coefficient, we note that from (49.10) (E?),(Ak/2a)’ ~ (E’). 
The presence of the delta function in (49.19) is equivalent, in order of magnitude, to 


tlt was developed by A. A. Vedenov, E. P. Velikhov and R. Z. Sagdeev (1961). Equations (49.14) and 
(49.18) were independently derived by Yu. A. Romanov and G. F. Filippov (1961) and by W. E. 
Drummond and D. Pines (1961). 
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folp? 


Fic. 13. 
multiplying the integral by 1/vpAk. Thus 
pen eXE?)| voAk os e(E*)/koAv. (49.21) 


Lastly, expressing (E’) in terms of the amplitude go of the potential oscillations 
(~ k*{gol’), and substituting (49.21) in (49.20), we findt 


tm ~ (Av)'[ko(eleo|/m)’. (49.22) 


In the above discussion, it is assumed of course that 7,, is much less than the 
Landau damping time 1/y; otherwise, the waves are damped bcfore non-linearity 
effects can appear. The applicability of (49.14), however, presupposes that 1/y is 
much less than the electron mean free time: I/y <I/vy,, where », is the mean 
collision frequency. The latter condition does not guarantee the legitimacy of 
neglecting collisions in the phenomenon considered, i.e. of using the transport 
equation in the form (49.16): what is significant as regards the competition with 
non-linear effects ts not the total collisional relaxation time but only the time for 
collisional relaxation in the range Av, which we denote by Tou. 

For relaxation in the range Av near v9>vz, which contains only a relatively 
small fraction of all the electrons, the position is similar to that in the problem of 
runaway electrons. The process is a diffusion in momentum space, the diffusion 
coefficient 


D©" = mve(v) ve = 42re4LN,T.| mv? ~ M7 Vee(vTe) UV Tel Ds (49.23) 


i.e. the coefficient of df/ap in the flux (45.5) in momentum space. 


tWhen Av ~ (elgo/m)'” and the theory given here is, strictly speaking, inapplicable (the sign > in 
(49.5) becoming ~), this estimate gives tq ~ ko‘(mle|go)"”. This result was to be expected when the 
spread Av of resonant speeds coincides with the speed amplitude of the electrons oscillating in the wave 
field: ta has the same order of magnitude as the period of these oscillations. 
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The required collisional relaxation time in the range Av differs from (49.20) in 
that D” is replaced by D©™: 


by end 2p pFy(colly (Av)? (22) 
Tcou m (Av) [D ‘ z Vee( Ure) Die . (49.24) 
When 
Tn > Tcou> (49.25) 


i.e. DO’ <D©", the non-linear effects play no part: the collisions are able to 
maintain the Maxwellian distribution near vo despite the perturbation from the 
wave field, and accordingly the Landau damping ratio is given by the usual 
expression corresponding to the Maxwellian value of the derivative dfo/dp in the 
neighbourhood of vo. Thus the inequality (49.25) is the condition for the strictly 
linear theory of Landau damping to be applicable. The quasi-linear theory given 
here is valid with the much weaker condition (49.2). The condition (19.25) may be 
written 


E*/4a <N.T.[V (427) L7n?"(vef vo) Av] vo], (49.26) 


where n = e’N'?/T is the gascousness parameter. The smallness of the factor in 
the brackets shows that the condition (49.2) is weak in comparison with (49.25). 

In the opposite limiting case where 71 <cog, the non-linear effects cause a great 
decrease of the derivative dfo/dp in the range concerned, roughly in the ratio 
D®@"/p“. The Landau damping ratio is correspondingly reduced. 


§50. The transport equation for a relativistic plasnia 


If the velocities of the particles (electrons) in a plasma are not small compared 
with that of light, the transport equation has to take account of relativistic effects 
(S. T. Belyaev and G. I. Budker 1956). 

We shall first show that the distribution function in phase space, f(t, r, p), is a 
relativistic invariant. This is shown by noting that the spatial density and the flux of 
particles, i.e. the integrals 


N= | fa’p, i= | vfa’p, 


must form the 4-vector i* =(cN, i); cf. Fields, § 28. Since in relativistic mechanics 
the velocity of a particle with momentum p and energy e€ is v= pc’/e, we can write 
this 4-vector as 


ee oh | (p*fle) d’p, (50.1) 


tlt has already been mentioned that a strictly linear theory is inapplicable if 7 > I/-y. This may be 
rewritten as 


E*/4r < NeTel(Av/vre)(A v/ v0) y/Me], 
which may prove to be a weaker condition than (49.26). 


In this section, the Latin letters k and { denote four-dimensional vector indices. The scalar product 
of two 4-vectors a and b is denoted by (ab) = a.b*. 
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where p* = (e/c, p) is the 4-momentum. The expression d’p/e is a 4-scalar (see 
Fields, § 10). It is therefore clear, since the integral (50.1) is a 4-vector, that f is a 
4-scalar.t 

Going on now to derive the transport equation, we note that the calculations in 
§41 remain valid in the relativistic case as far as the expression (41.3), (41.4) for the 
flux in momentum space. We need only recalculate the quantities 


= = »-3| GaGpvrre do. (50.2) 


The quantity v,4 is, as before, the relative velocity of the two particles. In 
relativistic mechanics, however, it is defined as the velocity of one particle in the 
rest frame of the other, and does not in general reduce to the difference v—v' (see 
Fields, § 12). 

Let us first ascertain the transformation properties of these quantities. The 
product 


via do. ff' d’p d?p' d’x dt 


is the number of scattering events in the volume d’x and the time dt, between two 
particles with momenta in given ranges d’p and d?p’; this number is, by definition, 
invariant. Writing it in the form 


€€'vre1 do. ff’. (d’ple).(d?p'Je') . d’x dt 


und noting that the last five factors (between points) are invariant, we conclude that 
the first factor €€'v,4 do is also invariant. Hence it follows in turn that the integrals 


W" =} €e ‘fa Q'ty do (50.3) 


form a symmetric 4-tensor. The quantities (50.2) are related to the space com- 
ponents of this 4-tensor by 


Bug = Wee’. (50.4) 


We first calculate the 4-tensor (50.3) in a frame of reference where one particle, 
Say e, is at rest. The relativistic cross-section for Rutherford scattering of particles 
e’ by particles e at rest (before the collision) with small scattering angles y ist 


4(ee')’e” 
do = Meee ny dy. (50.5) 


tThe distribution function with respect to momenta only, ie. f(t, p)= f f(.r, p) d°x. is not a 4-scalar, 
however; such a function is discussed in Fields, § 10. 

#This expression applies to the scattering of electrons by either electrons or ions. In the first case it 
follows from RQT (81.7); in the second case, from the cross-section for scattering by a fixed Coulomb 
centre, RQT (80.7). 
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A calculation similar to the derivation of (41.8) gives the following expression for 
the space components of the tensor (50.3): 


W°? = 2r(ee'PL(v Sag — vavg)mc’e']v”. (50.6) 
The remaining components are to be taken as zero: 
w= Ww =0, (50.7) 
since the change in the particle energy in the collision (q°) in this frame of 
reference is of the second order with respect to the small scattering angle, and so 
WwW and W™ would be of the third or fourth order, whereas the whole calculation 
of the collision integral is accurate only as far as second-order quantities. 
From (50.6) and (50.7), 
W,* =—- W.° =— 4ar(ee'PLmc’e'Jv’. 


This 4-scalar may be written in an invariant form by noting that tn the rest frame of 
the particle e we have 


y2 1f2 
(uu') = €'|m'c’, [(uu _ 1] poe v'Ic, 


where u‘ = p*{/mc, u = p'{m'c are the 4-velocities of the two particles. Hence 
p p p 


[ea n2 14 (uu'y’ 
W,* = —4a(ee') Lm'c lun ihe (50.8) 
From (50.6) and (50.7) we also find that 
W"u, = W"ui=0, (50.9) 


and, since these equations are relativistically invariant in form, they are valid in 
any frame of reference. 

The expression for the 4-tensor W“ valid in any frame of reference must 
evidentiy be symmetrical in the two particles. The general form of such a 4-tensor 
depending only on the 4-vectors u* and u" is 


wr = ag"! + B(uru' =e uu") + &(u‘u" ae u'u'y, 


where a, B and 6 are scalars. Determining these from the conditions (50.8) and 
(50.9), we obtain 


kt nay omm'c“(uu'y? 
WwW 2ar(ee’) L c[(uu y= 1pP* 


x {—[(uu')’ — 1g" — (aku! + uu") + (uu'\uhu" + ua}. (50.10) 
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Lastly, taking the space part of this 4-tensor in an arbitrary frame of reference, 
we have the following final expression for the quantities Bag in the collision 
integral: 

yyU-v.vic’y 
Tate oe wet Ppl 
clyy’ (d-v.vic)—1) 


’ #2 


2 2 
rie v.V ’ f 
x {(v*7 (1 ae ) = 1 |b a Va dg aay DUB 


+T¥ (1-8 )e.vp+ vivp)} (50.11) 


Bag = 27r(ee')°L 


where 
y= elmc? = (1— w7Je?)""”, 


y'=e|m'c? =(1— vc)", 
are the Lorentz factors for the two particles. Despite its more complex form in 


comparison with the non-relativistic case. the three-dimensional tensor (50.11) 
again Satisfies the relations 


B..pp a Bupv p- (50. 12) 


To estimate the Coulomb logarithm, we note that in the relativistic case the Born 
situation occurs: ze*/hv ~ ze"/iic <1. Hence, for ee and ei collisions, 


L = log(pa/h) = log(T.alhc). (50.13) 

For ii collisions, T, must be replaced by T, (if the ions too are relativistic), or else 
the ordinary non-relativistic expressions should be used. 

The transport equation with the Coulomb collision integral is valid so long as 

Rutherford scattering is the principal cause of variation of the electron momentum 

and energy. The competing process here is bremsstrahlung (and also the Compton 


effect, if the plasma contains an appreciable number of photons). The Rutherford 
svattering (transport) cross-section is in order of magnitude 


Ory ~ 2(e7{me?r(me7JePL ~ 27 e7]mce’y(me] TL. (50.14) 
The cross-section for bremsstrahlung emission of a photon with energy hw ~ T, is 
Ov, ~ (27/137)(e?/mc?? log(T./me’): (50.15) 

cf. RQT (93.17). These cross-sections are comparable if 


T.lmc? ~ (137Lflog 137L)"". 


PROBLEMS 


PROBLEM 1, Find the rate of energy transfer from electrons with temperature T. > mc” to ions with 
temperature T, < Mc“, 
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SOLUTION, The calculations in §42 remain valid as far as (42.3). We take the BS from (50.4) and 
(50.6) with v' = c: 


BS = 4re*z* Lic. 


The result is 


dE dE. ( r) Anze!NiN.L 


dt dt ae Mc 


Expressing the energy of ultra-relalivistic electrons in terms of their temperature by FE. = 3T.N. (sec SP 
I, §44, Problem), we oblain 


aT. | 4a2°e*N,L 
a Oe DO aacr 


PROBIL.EM 2. Find the elecitical conductivity of a relativistic Lorentzian plasnia. 

SOLUTION. When we neglect ce collistons and go to the limit M > x, the process of solution in the 
relativistic case is Ihe same as for the non-relativistic problem in § 44, The correction to the distribution 
function in a Constant (w = 0) electric field is again 


df = — [eE.v/T.valp) Ifo 


(cf. (44.5)), the only difference being that the collision frequency is now determined by the relativistic 
Rulherford scattering cross-section: 


ra(p)= Nworn on * | x do = 4az7e*Lfe’p’. 


Calculating the current as the integral — e f vif d‘p, we find as the conductivity 
o =(v'p )N2rze7* Teh. 
In the ultra-relativistic case, v ~ c, (p’) = 12( Tec)’, and so 


c= cTedaze’L. 


§51. Fluctuations in plasmas 


The theory of fluctuations in plasmas is in principle constructed in the same way 


as for an ordinary gas (§§ 19 and 20). The different-time correlation functions such 
as 


(Sfa(ti, i, pu df, (to, ra, P2)), (5e(ti, r1) 5fo (to, r2, P2)) 


where o is the electric field potential and a, b distinguish the types of particle, 
satisfy (when t =t,—t.>0) the same equations, namely the linearized transport 
equation and the linearized Poisson’s equation, as the distribution functions f, and 
the potential ¢. To solve these equations, the corresponding single-time correlation 
functions are needed as an initial condition. But, in contrast to an equilibrium gas 
of neutral particles, there is in a plasma a Single-time correlation between the 
positions of different particles due to their Coulomb interaction and extending to a 
large distance (~ a). In the equilibrium case, this correlation is described by the 
density correlation functions calculated in SP 1, §79. In non-equilibrium cases, the 
determination of the single-time correlation functions is a difficult problem. 


710 Collisions in Plasmas { 


This difficulty may, however, be overcome in a general manner for the case of a 
collisionless plasma. For such a plasma, the problem of fluctuations in a stationary 
non-equilibrium state has a particularly natural formulation, since in the absence of 
an external field any distribution functions f,(p) depending only on the particle 
momenta are a Stationary solution of the transport equation. The correlation 
function of fluctuations relative to such a distribution will depend, as in the 
equilibrium case, on the coordinates of the two points and on the two times only 
through the differences r= rj— 12, t = t,— to. If the plasma is collisionless, the times 
t considered are much less than 1/v, where v is the effective collision frequency. 
The method given below is applicable in just these conditions; the plasma is 
throughout treated as collisionless. The method is based on a direct averaging of 
the products of the exact fluctuating distribution functions f,(t, r, p).1 

These functions satisfy the equations 


fo fa, Ha_ 9 20. a _ 9 (51.1) 


dt at dr “dr dp ”’ 


where @ is the exact electric field potential, which satisfies the equation 


Ap=—42 > e, | fear. (51.2) 


Equations (51.1) are the analogue of Liouville’s theorem. In these exact equations, 
collisions have not yet been neglected. The exact distribution functions 


fult,r, p) = >; &[r—r(t)]5[p — pa(t)] (51.3) 


(with summation over all particles of type a) take account of particle motion along 
paths r=r,(t) that are exact solutions of the equations of motion for interacting 
particles. Equations (51.1) are easily verified by direct differentiation of the 
expressions (51.3), using the equations of motion of particles in a self-consistent 
field. 

Equations (51.1) and (51.2) themselves are not very useful; to apply the dis- 
tribution functions in the form (51.3) would mean following the motion of each 
particle separately. However, if they are averaged over physically infinitesimal 
volumes,f the ordinary transport equations are obtained. Putting fa = fa + fas 
y = @ + &g, and averaging the equations (without any approximation), we obtain 


fa. fa, 8G Afa _ (28¢ . 28f0\ 
at’ ar “ar ap “Nar aps OLY 


Ag =-4r Dd & | fea’p. (51.5) 
The right-hand side of (51.4) is the collision integral.§ 


tIt is due to N. Rostoker (1961) and to Yu. L. Klimontovich and V. P. Silin (1962) 

$Or, equivalently, over the initial conditions of the exact mechanical problem, corresponding to a 
specified macroscopic state. 

§We shall return to this expression at the end of the section, and meanwhile note only that it 
corresponds to the right-hand side of (16.7) in the case where the particles have a Coulomb interaction 
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Subtracting (51.4) and (51.5) from the exact equations (51.1) and (51.2), we obtain 
equations for the fluctuating parts of the distribution functions and the potential. 
The terms in the transport equation that are quadratic in 5g and df, describe the 
influence of collisions on the fluctuations. Neglecting these terms and considering 
the case of spatial homogeneity, i.e. putting 


fa=falp), ¢=0, (51.6) 
we obtain the equations 
a 
at +¥ ar €q ar 8p 0, (51.7) 
Ate Sa e, | Sf, d°p. (51.8) 


These equations enable us to express the functions 8f,(t, r, p) at any instant ¢ in 
terms of their values at some initial instant t=0, and hence to express the 
correlation function 


(dfa(ti, ri, pr Sf, (te, ra, p2)) (51.9) 


in terms of its value for t;=t:=0. This initial value of the correlation function, 
which we denote by g.5(r— r2, pi, p2), 1S a largely (see below) arbitrary function. It 
must be emphasized immediately that this is not the single-time correlation func- 
tion which (together with the complete different-time correlation function) we are 
trying to find. The central point which ensures the effectiveness of the method 
under discussion is that with an arbitrary choice of the function g the correlation 
function (51.9) thus calculated reduces in the course of time (when t, and t. are of 
the order of the Landau damping time) to a function only of the difference 
t=t,—t., independent of the choice of g. The problem is thereby solved: this 
limiting function is the required different-time correlation function, and its value 
for t,— t.=0 ts the single-time correlation function. 

To carry out the above programme, we use the components of a Fourier 
expansion with respect to the coordinates and a one-sided Fourier expansion with 
respect to the time: 


5f Cp) = | a | dt er 5fa(t, r, p), (51.10) 
0 


and similarly for g{?. Multiplying equations (51.7) and (51.8) by e7“**™ ©) and 
integrating over dt from 0 to ~ and over d’x, we obtain 


i(k. V— w)SfS) — teak . (Ofal ap)SeS2 = Sfa(0, p), 


—k6p)= 42 DY e, 5f St. dp. (5111) 
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Similar equations have already been encountered several times (cf. (34.10), (34.11)); 
they lead to the result 


th) _ 4a 5fas(O, p) 3p 
Bet = — BIS hy & & lev se a pi) 


where « is the permittivity of a plasma with distribution f(p).t Multiplication of 
two such expressions, followed by Statistical averaging, gives 


162° 
5 oe 
(Sp unde un = 146, klelwsk) © 


(SfalO, p)5fr.(0, p’)) we 
nary Vai wy P pd'p (51.13) 


The mean value in the numerator of the integrand is related to the Fourier 
component 2.44(p), p2) of the “initial’’ correlation function g,.(r; — r2, pi, p2) by 


(Sfax(O, p)dSfex (0, p')) = (277)*5(k + k’)gun(pr, p2); 


cf. (19.13). Like any single-time correlation function, the initial correlation function 
must contain a delta-function term expressing the cases where there is only one 
particle in coinciding elements of phase space: 


Suef (p)8(r, — 1) 5(p; — p2); 


see (19.6). The Fourier transform of this term is 5u,f(p)5(pi— p2). Thus we must put 
in (51.13) 


(Sfan(0, po oO, p’)) 
= (2ar)’5(k + k)[Saefa(P)5(p— p’) + xp, pd], (51.14) 


where :4(p, p’) is an arbitrary smooth (non-singular for real p and p’) function, the 
Fourier transform of some function u(r,;—4r2, p;, po) which tends to zero as 
[r; — 12] > 0, 

On substitution in (51.13), the term containing this arbitrary function in (51.14) 
gives 


k*e(w, Kew’, k) 4 2 i(kk.v— w)i(k vo w') (51.15) 


We shall show that this expression corresponds to a function in the time represen- 
tation that decreases rapidly with increasing ¢ or ¢’. 
The change from the Laplace transform (59G25oC%.) (see the first footnote to 


*We shall assume, merely to simplify the subsequent formulae, that Ihe funclion f(p) is istropic, so 
that the corresponding permittivity tensor €.g reduces to scalars & and &. 
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§ 34) to a function of the times t, and t;=t).+t is made by means of the formula 


(Sex(t)) SQ. t2)) = | eet" So EOE) dw dw'|(27)’, (51.16) 


where the integration is taken along contours in the complex w and w' planes which 
pass above all singularities of the integrand. We are interested in the asymptotic 
form of (51.16) as t), t2 2%. To find this, we must lower the contours of integration 
until they “‘catch” on the singularities; for instance, a singularity at w = w, gives an 
asymptotic time dependence exp(— iw,t) of the integral with respect to w. It is easy 
to see that (51.15) has singularities only in the lower half-planes of w and w’ (and 
not on the real axes), and therefore the asymptotic form of the integral (51.16), with 
(51.15) as (69 “8e62), contains only damped terms. 

Let us consider, for example, the integral with respect to w. The factor 1 /e,(w, k) 
in (51.15) has poles at the zeros of €(w, k), which are all in the lower half of the 
w-plane.t The integral over d*p in (51.15) has a similar property: it has the form 


W(z) dz 
z—wlk—iO 


with z= v, the component of v along k, and the factor (z) can (according to the 
assumed properties of y(p, p’)) have singularities only for complex z; an integral 
of this form has already been discussed at the end of 829, and shown to have poles 
only in the lower half of the w-plane. 

Thus the undamped part of the correlation function, which we wish to determine, 
arises only from the contribution of the first term in (51.14) to the ir tegral (51.13): 


+ 4(27)’5(k +k’) 2 fu(p) d’p 
( 15 pi: eT) OUR T KR) tt Jal PV EP 
ea ~ Ke(o, k)e(w', k) 2 (w—k.vti0)(w'+k.v+i0) (51.17) 


The integrand is transformed by putting 


4 | 1 
(w—k.v+i0)\(o'+k.v¥+i0) wt+o'+i0 Perera heres erst 


On the further integration with respect to w’ in (51.16), a contribution not damped 
as t->co comes from the residue at the pole w' = — w —i0, which is avoided by the 
contour of integration in the way shown in Fig. 14. In this sense, the factor 
1{(w + w') is to be interpreted as — 27i5(w +’). The significance of the factors 
I/(w +k.v) in the subsequent integration with respect to w is given by (29.8), 
according to which 


1 1 
Dok. VEO wok voi Cm ke), 


tlt is assumed that the distribution f(p) corresponds to a stable state of the plasma, so that the plasma 
waves are damped. It is evident that only in this case is there any meaning in the problem of stationary 
fluctuations. 


Pt 10.0 
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co 


Fic. 14. 


this notation implies that the integrations with respect to w and w’ are taken along 
the real axis. 

Thus, to calculate the correlation function in the asymptotic limit of long times ¢, 
we inust make in the integral (51.17) the substitution 


[((w —k.v+i0)(o' +k.v+i0)}"'>— (27)’8(w + w)8(w —k. v). (51.18) 


The result ist 


(5p 5pEL) = (271)'8(w + w5(K + k)(50) un. (51.19) 
where 
(50’) oj BS en | Fu )5(w —k.v) d? (51.20) 
P Juk kJe(w, k)f as a alp . p. a 


It is scen from the definition (51.19) (cf. (19.13)) that the (5), are the required 
Fourier transform of the correlation function—the frequency correlation function. 
Thus formula (51.20) gives the solution of the problem stated for fluctuations of the 
potential. 

The other correlation functions are determined similarly. For example, express- 
ing 5f\Jy in terms of 9%}. from (51.11), multiplying by 5¢°) from (51.12), and 
averaging, we obtain the correlation function for the potential and the distribution 
function:t 


Pa 
Peto ialPio(w —k.y). (51.21) 


(8 Bf. Jax = — (5g + 


-v-wtid dp 


The order of 5 and 8f, in (S~8f.).« is significant: by definition (cf. SP 1 (122.11)), 
(51.21) is the Fourier transform of the space-time correlation function 


TTo avoid misunderstanding, it may be mentioned that this is not the complete expression, but only the 
part with the singularity in w + w', which governs the asymptotic form of the Correlation function. In the 
complete expression, not all terms contain 5(w + w'), since the Corresponding function of f and 2 depends 
on the difference f= 1)— b: only asymptotically for large ti and In. 

¥Note that the avoidance rule for the Coniour is opposite in the first term (w —i0 instead of w + i0). 
This is because, for w = — w’, k= —k', we have (k’. v— w’— (0) '=—(k. v—w + i0) |. 
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(5e(t, r)df.(0,0)). If, however, the correlation function is defined as 
(8f.(t. r)Sdp(O, 0)), then we have 


(5f05Q un = (5G 5fa)-w.-1 = (Spb fa Bus (51.22) 


cf. SP 1 (122.13). 
Lastly, the frequency correlation function of the distribution function is 


(Sf. Bf, uk = 275ap5(py =, P)fa(ps)5(w =k; ¥)) 


Fimak. a ere iy (He) (ue - 


_ 8a tL (k fe), 5(w —k. v2) 
Ke ap, » e(w, k\(w—k.v + i0) 


fey _B(w—hevs) _ ; 
- (x: aphe e}(a, k)(w —k.v2— ah (51.23) 


This ts the Fourier transform of the correlation function 


(Sf. (t, r, pvdf,(0, 0, P2))- 


If the f, in (51.20)-(51.23) are taken to be the Maxwellian functions fo, we obtain 
the correlation functions of fluctuations in an equilibrium collisionless plasma. 

Let us consider, for example, fluctuations of the potential. For a Maxwellian 
plasma, the imaginary part of the longitudinal permittivity may be expressed as 


€1(w, k) = a) eu * | foulpya(w —k.v)d’p (51.24) 


(cf. (30.1)); the generalization to particles of several types is obvious. Substituting 
this expression in (51.20), we obtain 


(5Q7)u, = 82rTe(w, k)/wk7le(a, k)). (51.25) 

The correlation function of the longitudinal electric field ts 
(E.Eg)ux = kokg(SQ7)ux- (51.26) 
This result could, of course, also be derived from the general macroscopic theory 
of equilibrium electromagnetic fluctuations given in SP 2, §§75-77.t According to 


that theory, the frequency correlation function of the electric field is expressed in 
terms of the retarded Green’s function by a formula which in the classical limit 


*The self-consistent field in a plasma is a macroscopic quantity, and the macroscopic theory of 
fluctuations is therefore applicable to it. The distribution function, however, is not a macroscopic 
quantity, and its fluctuations always require kinetic treatment. 
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(iw < T) becomes 
(E,.Eg)ux = ~ (2wT}hic”) im DEg(w, k); (51.27) 


see SP 2 (76.3), (77.2). In a medium with spatial dispersion, the Green’s function ist 


2 


Substitution of the longitudinal part of this function (the second term) in (51.27) 
gives (51.25) and (51.26). 
Lastly, let us return to (51.4) and show that the expression 


6. /delt, vn) 
es 55 (Bee afult, tr p)) (51.29) 


on the right-hand side is in fact the same as the familiar expression for the collision 
integral in a plasma. The: quantity (51.29) is obtained from the correlation function 
(5¢(t, rSf.(0, 0)) by differentiation with respect to r followed by putting r=0. 
Thus we find 

(@e if.) = | ik(S@ Sf), dw Pki2a)* = — k im (89 5f.).. dw @ki(2a)*, (51.30) 


the latter expression being derived by means of (51.22), From (51.21), with (51.20) and 
(51.24), we have 


. ofa 4 8 20 a 
im (89 5fa)ux = {- ak - i (507) on— Re? ju peaBl —k. vq) 


_ 32a, 2 : ef, F. —_ f he) 
= ch De | ere fo 3p, 5 
x 5(w@—k. v,) d'pp- &(w —k. v,). 


Substitution of this in (51.30) easily converts (51.29) to the Balescu-Lenard 
collision integral (§ 47). 

In this proof, it may appear Strange that, to calculate the collision integral, it was 
sufficient to consider fluctuations in a collisionless plasma. This occurs because the 
important Fourier components of the electric field in collisions in plasmas are those 
with k = 1/a > 1/l, so that collisions may be neglected. The situation here is exactly 
similar to that in the derivation of the Boltzmann transport equation (§ 16): equation 
(16.10) signifies the neglect of the influence of collisions on the pair correlation 
function. 


}This is obtained from SP 2 (75.20), by dividing that expression into transverse and longitudinal parts, 
and replacing € in the two parts by &(w,k) and e(w, k) respectively. 


CHAPTER V 


PLASMAS IN MAGNETIC FIELDS 


§52. Permittivity of a collisionless cold plasma 


THIS chapter deals with the properties of plasmas in an external magnetic field, 
which are said to be magnetoactive. By forcing the charged particles to move in 
helical paths along the lines of force, the magnetic field exerts a profound influence 
on the behaviour of the plasma. In particular, it affects the dielectric properties. 

Let us first recall some general properties of the permittivity tensor in the 
presence of a magnetic field with induction B (see ECM, §82). As when the field is 
absent, equation (28.6) is valid: 


€up(—, —k; B) = €3,(o, k; B). (52.1) 


According to Onsager’s principle, this tensor is symmetrical when the signs of the 
field and the wave vector are simultaneously changed: 


€ap(w, k; B) = €ga(w, — k; — B). (52.2) 


If the medium is invariant under spatial inversion (as is an equilibrium plasma), the €ag 
are even functions of k, and (52.2) becomes 


€apg(w, k; B) = €g,(w, k; —B). (52.2a) 


It must be emphasized, however, that this property occurs only in a medium in 
thermodynamic equilibrium, unlike (52.1), which follows from the definition of €,,. 

In the general case, the tensor €,g may be divided into an Hermitian part 
Kegs +e%,) and an anti-Hermitian part {eng —e¢%,). The latter determines the 
dissipation of the field energy in the medium; cf. (30.3). 

We shall begin the study of magnetoactive plasmas with the simple case of a 
“cold” collisionless plasma. The temperature of such a plasma is assumed to be so 
low that the thermal motion of the particles is negligible; the conditions for this will 
be formulated below. In this approximation, there is nO spatial dispersion, and the 
permittivity depends only on the frequency of the electric field. There is also no 
dissipation, and the tensor €ag is therefore Hermitian: 


€ap(w; B) = €f.(w; B). (52.3) 
From this and (52.1), it follows that 
€.p(w ; B) = €ga(—; B). (52.4) 
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Separating the Hermitian tensor into real and imaginary parts, e.g = €2g + i€%p, We 
have from (52.2) and (52.3) 


€.6(W; B) = €fa(w; B) = €.g(w; —B), 


€%p(w; B) = ~€fa(w; B) = —€%5(3 —B). 22) 


Thus, in a non-dissipative medium, the e{g, are even functions of the field, and the 
€cp are odd functions. 

We shall suppose that the anisotropy of the plasma is due only to the presence of 
a cgnstant and uniform magnetic field, whose induction within the plasma is 
denoted by Bo. In such a case, the general linear relation between the induction and 
strength of a weak monochromatic electric field is 


D = €,E+ (q— €,)b(b. E)+ igE xb, (52.6) 


where b = Bo/ Bo; €1, ej and g are functions Of w and Bo. This relation is written in 
tensor form as D, = €gEg, where 


€op = €1 506 a (ee €)b..bg + 1LCapyDy- (52.7) 


If the z-axis is taken along Bo, the components of this tensor are 


Ex = Eyy = Er, Err = } (52.8) 
Exy = “Ey = 18, €&ks = Ey = 0. 


From the condition for the tensor (52.7) to be Hermitian, it follows that €,, « and g 
are real, and from (52.4) it follows that «| and e« are even functions of the 
frequency, g an odd function. The expression (52.7) necessarily satisfies Onsager’s 
principle. 

In weak fields the tensor €,, must be expandable in integral powers of the vector 
Bo. Hence, as Bo 0, the coefficient €, tends to a finite limit, the permittivity in the 
absence of the magnetic field. The difference e_—«,« Bo’, and g % Bo. 

The calculation of e.g in this approximation can be made directly from the 
equations Of motion of particles in a variable field E and a constant field Bo, as in 
the derivation of (31.9). For example, for electrons 


m dv/dt =—eE— ey X Bc. (52.9) 


The velocity v varies with time in the same way (= e~““) as the field E. Neglecting 
the spatial variation of E in the region of motion of the particle, we have from 
(52.9) 


iwv = eE/m + ev X Bofrric. 


The solution of this algebraic vector equation contains terms parallel to E, b and 
E x b; if the coefficients in these terms are apppropriately chosen, we obtain 
i€w 


2 . 
Siee _ W Re __ [Be 9 
m(w?— wh) {E ae b(E . b) i Ex b}, (52.10) 
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where wg. = eBylmc. The polarization P due to the motion of the electrons, and 
therefore the induction D, are related to the electron velocity by (29.4): 


PSone = SPS Ny 


4a 


The ionic contribution to the polarization is calculated in the same way, and the 
two contributions are additive. The result is 


02 0? 
“= w-wh wwe 
02+ 0? 
Ser bree (52.11 
Wee,” wp? 


~~ w(w?— Whe) w(w?— whi)” 
Here 
Wee = eB] nic, Wp = zeBol Mc (S2. 12) 


are the electron and ion Larmor frequencies;t the values of these parameters are 
an important characteristic of a magnetoactive plasma (they are the frequencies of 
rotation of charged particles in circular orbits in the magnetic field). 

The ratios 


weil@pe = zm|/M, O40, = (zm/M)!? (52.13) 
are small quantities. The ratio of the frequencies 0, and we, or 0; and wa, which 
depend On entirely different parameters (the plasma density, and the field By), may 
vary over a very wide range. 

The ion contribution to the permittivity of a magnetoactive plasma may, despite 
the large mass of the ions, be comparable with or even greater than the electron 
contribution at sufficiently low frequencies w. As w 0, the two terms in g cancel, 
and g 0, as is easily seen by noting that 


Oop = 17log (52.14) 
because of the electrical neutrality of the plasma (N, = zN,). The two terms in g 
remain of the same order of magnitude when w ~ wg, and the ion part of g is 
negligible when w > ,; In the transverse permittivity €,, the two terms are 


comparable only in the range 


w™ wpi(MIm)'? ia (wpp.)'”. 


TAlIso called cyclolron frequencies or gyro-frequencies. 
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The ion contribution is negligible here only if 
w > (wawpe)'” - (52.15) 


Lastly, in the longitudinal permittivity ¢ (which contains the sum of 2¢ and 17) 
the ion part is always negligible. Incidentally, ¢; is independent of Bp because the 
ficld E has been assumed uniform: in crossed uniform fields, the magnetic field 
does not affect the motion of particles parallel to Bo. 

Let us finally consider the conditions for the above formulae to be applicable. In 
applying equation (52.9) to the motion of particles, we have neglected the spatial 
variation of E in the region where the particles are. The size of this region in the 
direction of the constant field By is given by the distance v;/w traversed by a 
particle moving with the mean thermal speed v; during the period of the variable 
field. In the directions perpendicular to Bo, the size of the region when w < wy is 
determined by 


rp ~ Uqlwp, (52. 16) 


the radius of the circular orbits of particles moving with speed vy; in the magnetic 
field By, called the Larmor radius of the particles. The approximation described 
above requires that these distances be small in comparison with those over which 
the field E varies in the relevant directions: 


tr|k.|/e <1, ork,/w, <1, (52.17) 


where k. = ky, and k,, are the components of the wave vector along and across the 
field B,. These inequalities must be satisfied for each type of particle in the plasma. 

We shall see below that the frequency w must also not be too close to wg, wp; OF 
a multiple of these (the con.litions (53.17)). Near such frequencies, the spatial 
dispersion has to be taken into account even if the conditions (52.17) are satisfied. 
As we shall see in §55, this eliminates the poles of the expressions (52.11) at 
W” = Wie, Win 


§53. The distribution function in a magnetic field 


The permittivity tensor in a collisionless magnetoactive plasma, with allowance 
for spatial dispersion, is calculated from the electron and ion distribution functions 
which are determined by the transport equation. 

All formulae will be written for the particular case of electrons. The transport 
equations for a collisionless plasma have been given in §27. For electrons, the 
equation is 


oy gi of ~ e(E+vxBic)- of 0. (53.1) 


Let the plasma be in a constant and uniform magnetic field Bo of any strength, 
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and a weak variable electromagnetic field in which 


E, B’ ow elke rool) (53.2) 


From Maxwell's equations, 


wB'ic =k x E. (53.3) 


We substitute in (53.1) B= Bo+B’, and express the distribution function as 
f =fot df, where fo is the stationary uniform distribution in the absence of the 
variable field; the small correction 5f depends On ft and r in the same way (53.2) as 
the fields E and B’ to which it is proportional. Separating the zero-order and 
first-order terms (relative to the weak field) in the equation, we obtaint 


a 
oy YX Bo= 0, (53.4) 
i(k.v— of ~E vx Bo Ph =e He. [e+ Tv x (kx BD}. (53.5) 


Let v, and k, denote the components of the vectors v and k along the field Bo; v, 
and k,, the components in the plane perpendicular to Bo; gy, the angle between v, 
and the plane of k, and Bo, measured in the direction of rotation of a coikscrew 
driven along By. The variables v,, v, and g are cylindrical polar coordinates in 
v-space. In these variables, (53.5) becomes 


kind kw eos = wher Pamioie = ef tov x(k E)| -afolap. (53.6) 


From (53.4) it follows that éfo/dp = 0, i.e. fo can be any function of p. and p, only: 


fo = folp:, pi), (53.7) 


a result that is obvious for a collisionless plasma, Since p, and p, are the variables 
not affected by the magnetic field. 
To simplify the formulae, we use the notation 


a =(k,v,—w)lon, B=k v lor, (53.8) 
__& Ofo. 1 
Q(v., rip) = SE {E+ yx (Kx E)} (53.9) 


If fy) depends only on the electron energy ¢ = p’/2m, the derivative dfo/dp= 
v df,/de, and its product with the second term in the braces is zero, so that 


ei (53. 10) 


tn a Cold plasma, there was no need to take account of the Lorentz force exerted by the weak field 
B’, since it is of the second order of smallness when the intrinsic movement of the particles (in the 
absence of the field) is neglected. 
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With this notation, (53.6) becomes 


d5fldg + i(a + B cos pdf = Q(¢); (53.11 


the arguments v, and v, of Q are omitted. The solution is 
ry . ? - ¢. . . 
8 2% mae | eilav'+B sino) ‘) d oe 
f 2 Q(¢') de 


or, with the change of variable of integration g' = g — 7, 


2 - sd fi i te 
5f = ge Bsing [ eB EEO — 7) dt. 


The constant C is determined by the condition that the function 5f be periodic in 
gy with the period 27. Since the integrand and the coefficient of the integral are 
periodic in gy, this condition is satisfied if the limits of integration are independent 
of y, for which we must take C= or C =—o. The choice between these two 
possibilities is decided by the Landau contour rule (29.6): the integration is to be 
taken with w>w+i0, Le. a>a—i0. Such an integral is convergent only with 
C =f. The final result is 


5f = eB sing i eb sine Ole zy T) dt 
0 


i. exp{— iat — 2iB cos(y — 37) sin 37}Q(e~ — 7) dz. (53.12) 
0 


In the limit By 0, this should become (29.2). To tuke the limit, we note that for 
a > | the important range in the integral is 7 <1. Then sin(g — 7) ~ sin pg — 7 COs ¢, 
and the integral becomes 


f= Qe) {eter dr 


= Q(¢) I , exp|~in Kv | dz. 


Be 


Taking the integral with w > w + i0, we obtain 


Sf = Qw,,/i(k .v— w), (53.13) 


the required result. 

If the field frequency is equal to the Larmor frequency wg or a multiple of it, we 
have simple or multiple cyclotron resonance (of the electrons). To study the 
dielectric properties of the plasma near such resonances, a different method of 


tThis conclusion depends on the sign of w in ihe exponent. For ions, the charge ~e is replaced by ze, 
so That wee > —~ws Then a >a +10 when w > w +10, and C would have to be taken as ~~. 
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solving equation (53.11) is convenient, based on expanding the function sought in a 
Fourier series with respect to the variable ¢. 
With the substitution 
df = la (53.14) 
in (53.11), we obtain for g the equation 


dgldp + iag = e®*° O(n, Di, y). 


The solution is sought as a Fourier series 


g= 2d e'g.(v,, v1) (53.15) 


and the coefficients g, are found to be 


gs = Qli(a ts), 


Q,(v,, D1) = st in eiB sin ™O(v,, vi, 7) drt. (53. 16) 


The expansion (53.15) automatically makes 5f a periodic function of g. 

First of all, the expression of 6f as the series (53.14), (53.15) allows an 
immediate formulation of the conditions for spatial dispersion to be negligible. The 
wave number appears in the terms of the series through the parameters 


B=kyv,/wg, ats = —(w — Swy — k,v,)/wp. 


The permittivity of the plasma is determined by the distribution function at speeds 
v ~ vy. The wave number does not appear in this function if 


k,v, < wp, |w — swe] > |k,| vr. (53.17) 

The first inequality (53.17), and the second one with s = 0, are the same as the 

conditions (52.17). We see that, as well as these conditions, the frequency w must 
not be too close to any of the cyclotron resonances. 

In the neighbourhood of these resonances, the distribution function can be 

represented by a single term of the Fourier series under certain conditions, namely 


\k, Jor < Wp, lw ro nwp| < Wa, (53.18) 


where n is any of the numbers 0, +1, £2... It is easily seen that the nth term in the 
expansion (53.15) is then large compared with the others: 


En ™~ Q,opl (|k,vr| + Jw ss nw,|) > Ons 


whereas 2, SQ, for s#n (since |Swg — w| = wz). Retaining this one term, we find 
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for the electron distribution function 


_ 7) Ware CXpli{ny — (ki vi /wee) sin ph) 
bf = Q TE on 


3 


(53.19) 
Qu = = J, exp[— i{nr — (k,vi/@ge) Sin T}]Q(v,, 01, 7) dr. 


The dependence of the distribution function on the angle ¢ is given explicitly by 
this formula. In particular, when n = 0 and k,->0, the distribution is independent of 
gy. The source of this property is evident from the condition w <qw,,, i.e. (53.18) 
with n = 0: the Larmor rotation frequency is much greater than the field variation 
frequency, and this “averages” the distribution frequency over the angle of 
rotation.* 


§54. Perniittivity of a magnetoactive Maxwellian plasma 


The electron contribution to the permittivity tensor is calculated from the 
distribution function by means of the formula 


a, ~ 6, 
P, =a E, =e] v, Sf d*p (54.1) 


and the ion contribution is similar with —ze instead of e. For a Maxwellian plasma, 
the integration over d’p in this expression can be carried out explicitly. 
The function 5f is given by the integral (53.12), and from the definition (53.10) 


Q=-— (€E.vi/weT ) fo. (54.2) 


We can rewrite the integral more compactly by using instead of k = (k,,k,) and 
E = (E., E,) the vectors 


K = (k,7, 2k, sindz), E=(E,,E,), (54.3) 


where k, is k, turned through 47 in the plane perpendicular to Bo, and E, is E, 
turned through 7. Then 5f becomes 


éf =— g [ exp{ (wr -K. ware -vdz, 


Tue 


where fo(p) is the Maxwellian distribution function. 


+The relevant arguments are given more fully for an analogous situation in § 1. 
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This expression is substituted in (54.1), and the variable of integration p= my is 
changed according to 


=u—-iKT/mws,.. 


The integration over d’u is elementary, and the result is 


iN, [fa Te j 2 
patie (f-= or. K)K) exp| -27- AT | ar. (54.4) 


MWWBe Jo MW Be Be 2mw Be 


According to the definition (54.3), 
K? = k,’77 + 4k,’ sin’ jr. 
By writing (54.4) in components, we find the components of the tensor es. The 
coordinate axes are chosen as follows: z along Bo, x along k,, and y along By Xk 


(Fig. 15). A simple calculation gives 


iO 


WWBe JO 


wt+id 


€ap ~~ Sap = Kop exp {it — kere? — 2k y rhe sin? in| dz, (54.5) 


WBe 


where 


Kx, = COS T— (ky, rg-)° sin’ 7, 


3 « 
Ky = COS T + 4(K, ge)’ sin’ 47, 
Ki = | —(Kireey’r? 
zz Zz 2) > : (54.6) 

Kxy = — Ky, = —Sin 7 + 2(kyrg,)° sin 7 Sin’ 37, 

3 a 
Ky. = Kz, = —k,k rpet Sin 7, 
Ky: =~ Ky = ~2K,kKi ret Sin’ $7; 


rpe = U7-{Wpe iS the electron Larmor radius. 


Fic. 15. 
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The equations 


Exy F TEyxy xz = Exxy 9 yz = Ezy (54.7) 


are evident as follows: with fixed coordinates, Onsager’s principle gives €,g(Bo) = 
€g.(—Bo), and with the above choice of axes tied to the directions of Bo and k, the 
y- and z-axes are reversed when By —Bpo. With these axes, therefore, 


Exy (Bo) ar €yx (fee Bo) ) 
Exz (Bo) = ™ Ezx (—Bo) > (54.8) 
€yz (Bo) = Ezy (—By) - 


Now Bo (the direction of the z-axis) is a pseudovector; k, and Bok, (the 
directions of the x-and the y-axis) are true vectors. Hence, because of the 
requirement of invariance under inversion of the coordinates, the components €,; and 
€,., Which contain One suffix z, must be odd functions of Bo, and all other components 
must be even functions. Hence equations (54.8) imply (54.7). 

Because of the relations (54.7), the Hermitian and anti-Hermitian parts of the 
various components €,g = €4g + i€ge are differently expressed in terms of their real 
and imaginary parts. The division into Hermitian and anti-Hermitian parts is 
expressed by the sum 


xx i€sy €xz iex Exy i€h, 
= “ is ow 
(enp)=|—iery yy tee | + [ery tet ey] (54.9) 
Exy ie jz €p 1€ x, ak ie’, 


Although all the calculations have been made for the electron part of the 
permittivity, exactly similar formulae are valid for the ion contribution. The change 
to the latter is made by putting 2,, v7. 204, vx and wee >—,, and simultaneously 
changing the upper limit of the integral in (54.5) to —%; see the third footnote to 
§53. Then, with the change of the variable of integration 7 — 7, we return to the 
previous expressions (54.5), (54.6) with 0; vp, wg instead of 0,, vr, wa, and a 
change in sign of «,, and «,,. Thus the rule for going from the electron contribution 
to the ion contribution to the permittivity is to replace the electron parameters by 
ion parameters and at the same time to change the sign of the components e&, and 


Eyz- 


§55. Landau damping in magnetoactive plasmas 


When the thermal movement of plasma particles is taken into account, the tensor 
€,g acquires an anti-Hermitian part. In a collisionless plasma, since there is no true 
dissipation of energy, this part of the tensor is due to Landau damping. 

We have seen in §30 that the mechanism of Landau damping depends on the 
transfer of electromagnetic field energy to particles moving in phase with the wave: 
the damping involves particles for which w=k.v, i.e. the component of the 
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velocity v in the direction of k is equal to the phase velocity w/k of the wave. In a 
magnetoactive plasma, this condition is somewhat altered: the components of the 
particle velocity and the wave phase velocity along the constant field Bo must be 
equal: 


vk, = w. (55.1) 


This is because the motion of the particle transversely to Bo is in circles and cannot 
involve any systematic transfer of energy from the field to the particle: if the 
particle moves in phase with the wave and gains energy from it in one part of the 
circle, a similar amount of energy will be transferred from the particle to the field in 
the opposite part of the circle. 

In a magnetoactive plasma, however, there is a further mechanism of collision- 
less dissipation, due to the Larmor rotation of the particles. In coordinates moving 
with the particle at speed v, along the field Bo, the particle moves in a circular orbit 
with frequency wg. Such a particle is electrodynamically an oscillator radiating at 
frequency wg, (synchrotron radiation). When an o-cillator is placed in a variable 
external field, it absorbs at this frequency. The electromagnetic wave frequency in 
coordinates moving relative to the plasma is modified by the Doppler effect and is 
w' = w—k,v, The particles concerned in the absorption are therefore those for 
which 


w — k,v, = wp. 


If k, =0, the wave field is uniform in the directions transverse to Bo, i.e. the 
stimulating force on the oscillator is independent of the latter’s coordinates. Under 
these conditions, the oscillator absorbs only at its frequency ws. If, however, 
k, 0, the stimulating force depends on the coordinates of the oscillator, and so 
there is absorption at multiple frequencies also, i.e. when 


w —k,v, = nwg, (55.2) 


where n is any positive or negative integer. This mechanism of dissipation is called 
Landau cyclotron damping; the cyclotron resonance is simple (n = +1) or multiple, 
according to the value of n. 

Thus there can be considerable damping in frequency ranges for which 


Jw — nwa| = |k,| v7, n = 0,21,2,.... (55.3) 


the value n = 0 corresponding to the condition (55.1). These resonance absorption 
lines exist at the electron and ion frequencies wer. and wg; 

Mathematically, the conditions (55.1) and (55.2) correspond to the poles, at these 
points, of the various terms in the Fourier-series expansion (53.14)—(53.16) of the 
distribution function. The anti-Hermitian parts of the tensor e.g arise from the 
residues when the poles in the integral (54.1) are avoided by Landau’s rule. The pass- 
age to the limit By > 0 is mathematically peculiar. Ina magnetic field, the pole values v, 
(for a given k,) form a discrete sequence determined by equation (55.2). As the field 
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decreases, the poles come closer together, and in the limit By = 0 the pole values v, 
depend not on a discrete number n but on the continuous parameter k,.v,, in 
accordance with the condition 


w=k.v=kv,+k..vi, 


aS shown in going from (53.12) to (53.13). 
Let us calculate, as an example, the perniittivity tensor in the region of a simple 
(nu = 1) electron cyclotron resonance. We shall also suppose that 


|k.|trdege <1, kivredone <1- (55.4) 


Then it is sufficient to use for the distribution function just one term of the Fourier 
series—the expression (53.19), corresponding to the given value of n. Because of 
the second condition (55.4), this function can be expanded in powers of k,. When 
nu = 1, only the zero-order term need be taken in such an expansion, since cyclotron 
absorption at the frequency wee does not require the external field to be non- 
uniform in the xy-plane. 

Thus we write the distribution function as 


Wpe™ 


Y= Oth, = (w= wee)” O25) 

with 
an efo am -i7 
Q: = InTwpe [ E.ve " dz. 
Writing 
E.v= E,v, cos7 + Ev, sins + E,v,, 
and carrying out the integration, we obtain 
a ev, —_ . 
Q:= Twn fo(E. — iE,). (55.6) 


With this distribution function, the polarization vector (54.1) has only x- and 
y-components. After the integration over v, dv, dg, they are 


ae oy iNet Wey [o mer) dv, 
Eps tly UE AES) 5 ak: (sr) } exp 2T / v,—(@ — wm )Ik, —i0 sen k, 


An integral of this form can be expressed in terms of the function F defined by 
(31.3). We obtain finally as the components of the perniittivity tensort 


aie Ste = F (SS) 
Exx €yy *Y 2w(w — wee) 2vre|k2| : (55.7) 
€zz l = G2 = &, =O. 


*The pole v, = (w — w)/k; is passed below or above, according to the sign of k,; this is the reason for 
the presence of the modulus of k;: in the argument of F. 
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The anti-Hermitian part of this tensor, which describes the damping, is 


a ae eee ie _ (w= ony 4 
fue en Molton Pl Qeeke (55.8) 


The Hermitian part, in the immediate neighbourhood of w = wz, has the form 


€xx ~ b= ey —-1=— ef, =— O2(w — we) /2wvrek,, (55.9) 
|o — wpe|/ore|k,| <1. 

At the point w = wr. itself, this part passes through zero and changes sign. We see 

here how the inclusion of spatial dispersion removes the poles of tile permittivity 

(52.11) of a cold plasma: the discontinuous variation shown by the broken line in 

Fig. 16 is replaced by the continuous line. 


Fic. 16. 


In the limit |k,] > 0, the expression (55.8) reduces to a delta function: 
Exe = €yy = Ely > (7.0, /2w)5(w ~ wee): (55.10) 


when w — Wg, ¥ 0, (55.8) is Zero in the limit, and the integral of this function over dw 
is 707/2w for any value of k.. The significance of the result is clear: in the absence 
of spatial dispersion (k > 0), the width of the absorption line tends to zero, and 
damping occurs only when w coincides exactly with wz. Formula (55.10) may be used 
in place of (55.8) in expressions integrated with respect to w. 

The formula (55.10) can also be derived directly from the expressions (52.11) for 
the permittivity of a cold plasma, by means of Landau’s avoidance rule, according 


tThe expression (55.7) does not have the property (52.1), of course, which would occur only if the 
absorption line near w = —wpe were Considered as well as ‘that near w = wre 


PK 10.P 
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to which the frequency w al a pole is to be taken as w + i0. Thus the pole factors in 
(52.11) are really to be understood as follows: 


1 1 1 _ l 
w— a. Dies - —owp ti0 wtwe t+ id}’ 
and according to the rule (29.8) 


| l it 
ety SR ae Si Dey Daa 
W@W — W Be W'~-Wpe 2Wpe 


[8(w => Wee) — 5(w + Wee) I. (55.1 1) 


Making this change in (52.11), we obtain (55.10). 

When k, = 0 (i-e. k L Bo), there is no Landau damping in a magnetoactive plasma: 
the speed of the particles no longer appears in (55.1) and (55.2), and these 
conditions Cannot be satisfied except when w coincides exactly with some nws,.t 
This property is due to the non-relativistic approximation; in a relativistic plasma, 
the Landau (cyclotron) damping can occur even when k, =0. The frequency of 
rotation round the direction of Bo for a relativistic charged particle with energy € is 


wymc’le = wpV (1 _ v’Ic’), 


with we defined as before. This value is to be used in place of weg on the right-hand side 
of the condition (55.2). In particular, for k, = 0 we have 


w = nwgpV(1— vIc%); (55.12) 


to allow this condition to be satisfied, it is necessary only that w < nwe. 

Landau damping in a magnetoactive relativistic plasma can occur even in the 
limit k-0 (unlike the cases of a magnetoactive non-relativistic plasnia and a 
relativistic plasma with no magnetic field). [t is due to particles in simple cyclotron 
resonance with a uniform variable field—the condition (55.12) with n = 1—and 
therefore exists at frequencies w < wag; see Problem 2. 


PROBLEMS 


PROBLEM I. Find the permittivity tensor for a magnetoactive plasma at w <|k,|vz-; the conditions 
(55.4) also are assumed satisfied. 

SOLUTION. In the zero-order approximation with respect to the small parameter k,vzelwpe, the 
distribution function for this case (the s = 0 term in the Fourier series (53.14), (53.15)) is 


of = Qowpeli(kzv; ate w), 


where 


22 
oor efo | i ee ee ard 
0 WB 


wpel 270 


tin the limit Bo 0, the damping of course reappears because of electrons that sutisfy the condition 
wo=k.v=ek,-v_. 


§56 f= tromagnetic Waves in a Magnetoactive Plasma 231 


With this function 6f, the polarization vector P is in the z-direction, and the only non-zero component of 
the tensor €.g — Sop is 


_ Ane’ { folp)vz d’p 


ear 1 Wy UMTS 


After the identical transformation 


2_ 1 


vz = |, (hee: — w)v, a U2, 


the integral of the first term over dp: gives zero, and the second term yields the result 


oO? 
€>2 — I = G2p7, [FIV Alklere) + 1}. 


The imaginary part of this is 


= mae exp(—w/2k,’v Fe) 
ZZ 2 Pure Use e}* 
PROBLEM 2. Find the anti-Hermitian part of the permittivity tensor for an ultra-relativistic mag- 
netoactive electron plasma in the limit k > 0. 
SOLUTION. In the relativistic case, the transport equation (53.5) remains unchanged, but in the 
transformation to (53.6) the relativistic relation p= ev/c” (where € is the electron energy) in place of 
p= my replaces wpe by wpemc’ je: the subsequent formulae in §53, with this change, then remain valid. 
When k=0, damping arises only from the simple cyclotron resonance. Hence, to calculate the 
anti-Hermitian part of €,¢, it is sufficient to take the term with s = I in (53.14) and (53.15). Analogously to 
(55.5) and (55.6), we find 
iepsc*e’™ fo 
Sea TEP Ce 0. = 
2Te(w — wremc’ fe) 


df = (Ex — iEy). 


The ultra-relativistic (T > mc’) function fo ist 


fo=(N.c'/8aT "ye~"™, 
The polarization vector is calculated as 
P= { (pc7/e)8f d'p, 
where d’p is to be expressed as p* dp do = pe de dojc’. The integration over do, with cp = (e?~ m?c‘)"?, 
gives 
64 —l=e6,—- | =iey 
_  O2me? [* (= mice" de 


a 5 Tad LS SL ean er e 
12w°T* Jane? € — waemc*fo + i0 


The integral has an imaginary part if the pole € = wa,mc"/]w lies in the range of integration, i.e. if w < wpe. 
In this case the final result is 


23 2\3n 2 
y _ ow oe _ TOE be 1 (7) MC WBe 
Ex = Eby = Ey =F (Io) expl —~— a). 
w WBe wT 


§56. Electromagnetic waves in a magnetoactive cold plasma 


We can derive a general equation giving the dependence of the frequency on the 
wave vector (the dispersion relation) for free monochromatic waves propagating in 
a medium with any dielectric tensor e€,,(, k). 


tIn this expression, the normalization factor is written with ultra-relativistic accuracy; we cannot put 
€ ~ cp, on account of the subsequent integration with respect to p from 0 to ~, 
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For an electromagnetic field whose dependence on the time and coordinates is 
given by exp(— iwt + ik.r), Maxwell's equations (28.2) becomet 


kxE=oBi/c, kxB=—oDIc, (56.1) 
k.B=0, k.D=0. (56.2) 
Substitution of the first equation (56.1) in the second gives 
wD/c* = —k xX (k X E) = Ek’—k(k. E). 
or in components 
Ek? — kakgEg = @’D,Ic? = w eqpEgle’. (56.3) 


The condition for these linear homogeneous equations to be compatible is the 
vanishing of the determinant: 


[ku — kaka — weglc| =0. (56.4) 


This is the required dispersion relation. For a given (real) k, it determines the 
frequencies w(k) (in general complex), i.e. the eigenvibrution spectrum of the 
medium. In the general case where frequency dispersion and spatial dispersion are 
present, equation (56.4) defines an infinity of branches of the function w(k). 

Let us consider electromagnetic waves in a magnetoactive cold plasma whose 
permittivity tensor is given by (52.7) and (52.11).8 Since this tensor is Hermitian, 
the values of k?c?/w* determined by (56.4) are obviously real. 

In the absence of spatial dispersion, €,, depends only on w, and the dispersion 
relation (56.4) is therefore algebraic with respect to k. Expansion of the deter- 
minant gives by a simple calculation|| 


A(kc/w) + B(kclw)? + C = 0. (56.5) 
where 
A = €agkakglk? = €, sin? 6+ q cos’ 6 =4q, (56.6) 
B = —e,e(1+ cos’ 6) —(e,’— 2’) sin’ 6, (56.7) 
C= e(e,” om 8), (56.8) 


and 6 is the angle between k and Bo. For given values of w and 6, equation (56.5) 


*The variable magnetic field B of the wave is not to be confused with the constant field Bo 

+Called in crystal optics the Fresnel equation. 

§Electromagnetic waves in a magnetoactive cold plasma were first studied (the role of ions being 
neglected) by E. V. Appleton (1928) and H. Lassen (1927). 

In which it is convenient to take one of ihe coordinate planes, say xz. to pass through Bo and k. 
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yields two values of k’, so that in general two types of wave can propagate in the 
plasma.t 

Let us first consider the cases of wave propagation exactly along (6 =0) and 
exactly across (0 = jr) the magnetic ficld. These have special features. 

When 6 = 0, the roots of the dispersion relation are 


ke) 02 0? 

a = + = ee oe 

ie a ae w(wtwpRe) w(w F wp) (56.9) 
It is easy to see from (56.3) that these waves are transverse (E, = 0) and circularly 
polarized (E,/E, = +1). The infinity of (56.9) at w = wR Or w = we, Corresponds to 
resonance: the frequency and direction of rotation of the vector E coincide with 
those of the Larmor rotation of the electrons or ions. Figure 17 shows, as an 


Fic. 17. 


illustration, the approximate variation of n’=(ck/w) with w. As w 0, the values 
of n? tend to the limit 1+ 0?/w}; = 14 c7/u,’, where wp; is neglected 1) comparison 
with wg,; ua iS defined by (56.18) below. The propagation of undamped waves 
corresponds, of course, Only to those parts of the curves (shown by continuous 
lines in Fig. 17) for which n?> 0. 

When 6 =0, equation (56.5) is satisfied also if = 0, corresponding to ordinary 
longitudinal plasma waves whose frequency w ~ (, is independent of k. 

“When 6 =}, the two roots of the dispersion relation are 


(cklw)? =e, (ck/w) = €,—g7/e,. (56.10) 


tThe waves concerned are usually distinguished as ordinary and extraordinary. These terms do not, 
however, mean the same thing here as in the optics of uniaxial crystals; neither of the waves behaves 
Itke a wave in an isotropic medium. 
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The first corresponds to a wave with dispersion relation independent of Bo: 
w= 7k? +02. 


This is a transverse wave (E 1 k) and is linearly polarized, with E |] Bp. The second 
root (56.10) corresponds to a wave with E 1 By and having both longitudinal and 
transverse components relative to k. If the frequency is so high that the ion 
contribution to €., is negligible, namely w > (wp-z,)"”, the condition (52.15), then in 
this wavet 

2 2 2 2 
(=) pele Be) (56.11) 


w w'(w? — whe - 27)" 


In the general case of any angle @ (not zero or jr), we note first of all that for 
each value there exist frequencies for which the coefficient A in (56.5) becomes 
zero: 


€ =e, sin’ 6+ G cos’ 6 


OEE 
w® 


2 2 
= 1 2 cos’ 6 — M = 


Weak to | sin? @=0. (56.12) 
If the frequencies given by this equation, called the plasma resonance frequencies, 
are such as to Satisfy also the “slowness” condition w <kc, then from §32 they 
correspond to longitudinal characteristic oscillations of the plasma. The vanishing 
of the coefficient of k* in equation (56.5), which is quadratic in k’, signifies that one 
of its roots becomes infinite; as A> 0, the roots are ~C/B and —B/A. 

Equation (56.12) is cubic in w? and has three real roots. These are easily 
determined by using the fact that 0/0, and wafwge are small. Two are found by 
neglecting the jon contribution in (56.12): 


W732 ~ HO? + whe) t 1(O? + wR)’ — 4070}, cos? 6}'”. (56.13) 


The ions must, however, be taken into account in the range w ~ wp; where the third 
root lies; for this root, we easily find 


w3’ ~ wi(1—(zm/M) tan’ 6), (56.14) 


assuming that 0, > wg. Formulae (56.13) and (56.14) for w2(@) and w;(@) are 
inapplicable when @ is so close to 37 that cos 6 <m/M. In this range, 


Ww? = 3h = W pO? + woE (OA? + Whe), 
(56.15) 


w3” = 020 Bi cos’ (a? + W he). 
The role of the ions is not negligible for either w; or @>. 


tPlasma oscillations in which the ions play no part are called high-frequency oscillations, and those in 
which the influence of the ions is important are called low-frequency oscillations. 
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Figure 18 shows diagrammatically the dependence of the frequencies w), w, 03 
on the angle 6.7 The curves of w,(@) and w6@) nowhere intersect. They respectively 
begin at 6 = 0 from the higher and lower of the frequencies 0, and wz. At 6 =4n, 


they reach the respective values 


orn = (07 + we)!” (56.16) 
wy bed Ty 
max { Q,, wp) 
min{ Qe, wy, 
Wen 
8-0 8-1/2 
Fic. 18. 


and w2,. The frequencies w,, and 2, are Called respectively the upper and lower 
hybrid frequencies. When 0,7 > w$.(and so certainly 0,’ > w hi), 2, = (wpews;)"”. 
The position of the frequencies w,, w2, @; largely determines the configuration of the 
various branches of the spectrum governed by the dispersion relation (56.5). Being 
quadratic in (ck/w)’, ithas two roots for given w and 6. If we follow the variation and the 
infinities of these roots as functions of w for a fixed 6, we easily obtain Fig. 19, which 
shows the functions diagrammatically. The points of intersection with the abscissa 


ne 


Fic. 19. 


tlt may be noted immediately that oscillations with the frequency ws exist in practice only in a narrow 
range of angles close to }7. At other angles, they are strongly damped by the cyclotron absorption at 


simple ton resonance. 
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axis are given by C = 0,1.e. €;=0 or €,7= g”. Their position is independent of 6, and 
one of them, corresponding to «= 0, is always w ~ Q,. 

The spectrum of characteristic oscillations for a magnetoactive cold plasma thus 
has a total of five branches. Two of these (I and I] in Fig. 19) reach the low-frequency 
oscillation region; the limiting values (as w — 0) of the phase velocity in these branches 
are 

(w/k), = ual cos 6/11 + u,2/c?)'”, 
(fk = wal + wp2fe2)"?, one 

where 
Ua, = CwplO; = Bol(4a0N,M)'” (56.18) 


is Called the Alfvén velocity. The expressions (56.17) are easily found from (56.5) by 
using the limiting values 


e,= 1+ nyc’, 


g=—-O7/w’, g~o. 

When u, <c, the phase velocities (56.17) are respectively u,|cos @| and u,4. These 
limiting values correspond to waves which exist in a cold plasma in accordance 
with the ordinary equations of magnetic fluid dynamics (see ECM, §52); the 
spectrum of hydromagnetic waves has three branches, in all of which w(k) is linear 
but in general depends on the direction of k: 


(wlk),” = a? cos’ 6, 
(w/k) = {uy + uy? + ((ue + u,?)? — 4u,2u,” cos” 6}'"}, (56.19) 


(wlk). = fu + ny? ~ (Cu? + uy — 4ueu,’ cos’ 6]'}, 


where u, is the speed of sound calculated formally from the adiabatic com- 
pressibility of the medium. The phase velocity of the first branch, called Alfvén 
waves, is exactly the same as the limiting value for the first branch (56.17). In order 
to go to the limit of a cold plasma in the second formula, we must put u, = 0, since 
in a gas u, ~(T/M)'”. Then (a/k),, corresponding to faust magnetosonic waves, is 
equal to the limiting value of (w/k)y. The third branch, with (w/k), (slow mag- 
netosonic waves), has a velocity which tends to zero as u, 0, and therefore does 
not appear in a cold plasma. The assumption of a cold plasma enables us to neglect 
the thermal spread of ion velocities and to describe them in terms of fluid 
mechanics even in the absence of collisions. The condition u4 <c justifies neglec- 
ting the displacement currents in the equations of magnetic fluid dynamics. 

In the opposite case of high frequencies, the phase velocities of two branches 
(IV and V) tend to w/k = c, corresponding to transverse high-frequency waves in an 
isotropic plasma, as we should expect, since the magnetic field plays no part when 
Ww > Wpe. 

Lastly, let us consider the interesting case of waves which can exist when 
Q, > wee; the resonance frequency is then w,~ wg cos 6. We shall take the 
frequency range intermediate (on branch H) between w, and w; =~ wg;, defined by 


wa <@ <wp, Cos 0, w <0, Jw. (56.20) 
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The condition w > wy; enables the ion contribution to g to be neglected, and from 
the condition w <wp,, we have 


Gy = ig = ~i10,’]wwge. (56.21) 


With the conditions (56.20), we also have e,> g > €,. 
The required solution of the dispersion relation is found more directly by writing 
the latter as 


|k7e ag — Kakye yg —(w7/c”)8.,| = 0, (56.22) 


changing from the tensor €,g in (56.4) to its inverse (i.e. expressing E in terms of D 
in equations (57.3)). The components of the inverse tensor are 


-1 aia i: een 2 -! = -I ax I Pa 
E€ x = € yy ™ ~enl 2°, € x = Ile, € xy — ~€ yx ~ ile, 


and the largest of these is € ',y. Neglecting the other components, and taking the 
xz-plane to be that of By and k, we obtain the dispersion relation 


—w'lce?  ikZ/g = 


—ik?]g -—wfc? =0, 


whence 
w = k?c(wndA,)|cos 6| 
= cB,|cos 6|k7/47eN¢. (56.23) 


These are called helicon waves ;{ they are of purely clectron origin. 
The name of these waves arises from the nature of their polarization. The 
equation k - D = 0 (56.2) gives, with the above choice of coordinate axcs, 


D, sin 6+ D, cos 6=0. (56.24) 

From equations (56.3) written as 

[k2e“" 4g ~ kakye yp 1Dp = (wlc)Da, (56.25) 
we find D, =~i|cos 6|D,. In the same approximation (i.e. retaining only €7',y 
among all the «”',,), the electric field of the wave lies entirely in the xy plane, 
which is perpendicular to Bo: E, = €~',,D, = 0. The other field components are 

PF; = € Dy. Ey = € yD; = =€ wD 

and from (56.24) 


E, = ilcos 6|E,. (56.26) 


tIn geophysical applications, whistlers. 
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Thus the wave is elliptically polarized in the plane perpendicular to Bo; when 
0 = 37, the polarization becomes linear. In coordinates €y{ with the ¢-axis parallel 
to k, 


E, = lees $I ane E, = E, tan 6. (56.27) 


The vector E describes a circular cone about the direction of k. 

The expression (56.21) for €,, has a simple physical significance. When wz, > a, 
together with the condition (52.17) k,vrelwpe = kirge <1, which is everywhere 
assumed Satisfied, we can suppose that the transverse (relative to Bo) motion of the 
electrons takes place in a constant and uniform field E. When a charge moves in 
constant and uniform crossed fields E and Bo, its mean transverse velocity (the 
electric drift velocity) is 


¥, = CE X Bol By’; (56.28) 


see Fields, §22. This corresponds to (56.21). Thus helicon waves are associated 
with the electric drift of electrons in the plasma. 


§57. Effect of thermal motion on clectromagnetic wave propagation in 
mapnetoactive plasmas 


When the thermal motion of the particles ts taken into account, the dispersion 
relation in general becomes transcendental, and yields an infintte number of 
branches of the function w(k). The vast majority of these oscillations are, however, 
strongly damped. Only in exceptional cases is the damping so weak that the 
oscillations can be propagated as waves. These cases include, first of all, the waves 
considered in §56, for which the thermal motion causes (if the conditions (52.17) 
and (53.17) are satisfied) only small corrections to the dispersion relation, and a 
small Landau damping rate. 

We have seen, however, that for waves in cold plasmas there are frequency 
ranges in which the ratio ck/w becomes indefinitely large (the neighbourhoods of 
plasma resonances). But as k >the conditions (52.17) are certainly violated, so 
that it becomes necessary to take account of the thermal motion. We shall now 
show that doing so, even as a small correction to the permittivity, eliminates the 
divergence of the roots of the dispersion relation, and generates some qualitatively 
new properties of the plasma oscillation spectrum (B. N. Gershman, 1956). As we 
Shall see, the conditions for the Landau damping to be exponentially small may still 
be satisfied, so that the anti-Hermitian part of €gg is still negligible. We shall take 
the particular case of the neighbourhood of high-frequency plasma resonances, 
where it is sufficient to include the thermal motion of the electrons only. 

The correction terms in €, are proportional to (kv;,)’.t Similar corrections arise 
in the coefficients A, B, C in the dispersion relation (56.5). To investigate just the 


tThey are derived from the first-order terms in the expansion of the integrand in (54.5) in powers of 
ke. 


-_ 
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divergent root of this equation, it is sufficient to include the correction terms in the 
coefficient A only, which vanishes at the resonance point in the absence of the 
corrections. 

In the neighbourhood of the resonance frequency w, (say), we write this 
coefficient as 


A = a,(w — @)~— Ar(vrek] oy)’. (57.1) 


The second term is the correction due to the thermal motion.The coefficients a, and 
Ai, are taken at the point w = w,, so that they are independent of the vartable w (but 
of course depend on the direction of k, t-e. on the angle @). Putting w = w, also in 
the coefficients B and C, and denoting the resulting values by B, and C,, we obtain 
as the dispersion relation in the neighbourhood of the resonance frequency 


[a,(w — wy) — Ay-(v}e/c*)(kelo1)(kc/@,)* + B,(kc/w,)? + C, = 0. (57.2) 
We are concerned with the root of this equation which as v7 > 0 becomes 
(kc/w,)’ ~ —BJa,(w — w), 
w — @, = —B,w"/a,c7k’. (57.3) 


Since (kc/w,)’ in this solution is large, the term C, which does not contain the large 
quantity is to be omitted from (57.2) in finding the solution. Then we have the 
dispersion relation 


wW~ OW, = (A1,/a,)(kvrel@) _ (B,/a,)(w, lke). (57.4) 


Here two cases are to be distinguished according to the sign of A,, (a, and B, are 
always positive).t 

In Fig. 20, the continuous curve shows the dispersion relation (57.4) for A,, >0. 
The curve meets the abscissa axis att 


k? = (w//cvp)V (BAA t)- (57.5) 


AS v7 2 0, this point moves to infinity on the right, and we come back to the curve 
corresponding to the dispersion relation (57.3) for a cold plasma (shown by the 
broken curve in Fig. 20). 

The allowance for thermal motion thus causes the oscillation spectrum branch to 
be extended into the range w > @,. In the limit of zero external field, it is this part 
of the branch which corresponds to ordinary longitudinal plasma oscillations: in the 
absence of the field, B,=0, the frequency w, cotncides with 2, and the whole 


*It is easily seen from (56.6) and (56.7) that B, is positive: eliminating ey by means of the condition 
A =O, we find B, = €,” tan’ 6 + g’ sin’ @ > 0. From the expressions (56.6) for A and (52.11) for é, and g it 
follows that dA/daw > 0, and therefore a, = (@A/4w)u-., iS positive. 

For this value of k, the ratio kKvpjfw, contains (vrdc)'?, and is therefore small. This is the 
above-mentioned condition for the Landau damping to be small. 
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w~ uw 


Fic. 20. 


curve of w ~, as a function of k? becomes a straight line from the origin, whose 
equation 1s the same as (32.5).t 

When thermal motion is neglected, the oscillations in plasma reSonances are 
longitudinal. This property does not in general occur when spatial dispersion 1s 
taken into account: A = e,yk,kglk? = & becomes a function of k, and the condition 
«,=0 for the oscillations to be longitudinal is incompatible with relaiion given 
by the dispersion relation between the same variables w, k and 6. Both at the 
plasma resonance points themselves, which cease to be distinctive, and near them, 
the waves remain almost longitudinal, however: since A ts small and the wave is 
slow (w/kc is small), the transverse component E is small in comparison with E®, 
according to (32.10). 

Let us now turn to the case A,, <0. Figure 21 shows how w — w, varies with kK in 


WG 


Fic. 21. 


tFor this reason, the waves which (in a magnetoactive plasma) correspond to the upper part of the 
continuous curve in Fig. 20 are usually called plasma waves, in contrast to the ordinary or extraordinary 
waves COrresponding to the Jower part of the curve. This terminology is conventional, however: there is 
really just one branch of Oscillations, whose point of intersection with the abscissa axis (w = wi) has no 
distinctive feature. 
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this case. The curve does not enter the region w >w,, but has a maximum at the 
point 


k? aad (wP/cvre)(B|Ai,|)", OW, = (2v7,/ a,c \(JA1,|/B,)"”. (57.6) 


When v7 > 0, this point moves to infinity on the right, at the same time approach- 
ing the abscissa axis, and we again return to the form (57.3). 

As a further example, let us consider the transverse waves near electron 
cyclotron resonance, propagating along the magnetic field. When thermal motion is 
neglected, the dispersion relation for these waves is given by (56.9) with the lower 
signs, and in the neighbourhood of w = wat 


wo = wee(l —-0.2/k?c’) (57.7) 


with kc <1; the whole of this spectrum is at w < we. 

To examine these waves with allowance for the thermal motion of the electrons, it is 
necessary to construct the dispersion relation with the permittivity tensor (55.7) 
which applies to the cyclotron resonance region.t Expanding the determinant (56.4) 
(with the vector k parallel to the z-axis), we obtain 


k*c? _ 07 @ — We 
wo ote — Wee) F(a) Off) 


Outside the resonance absorption line, i.e. for |wze — w| > kvze, but of course still 
|wee — w| < wp, this relation becomes 


Kec? _ oe (-o zee) 
Wb Wpe(W — Ware) 2 waekvte 2k’ vt 


Hence we again have the dispersion relation (57.7) for the real part of the 
frequency, and the expression 


ne T We Q, - 1 QO. 4 We > 
? V5 He Kops (i) exp 3 (iE) (eal pi) 
for the Landau damping rate. 
AS w approaches closer to wg, in the range |wbe —w|<kor, the damping rate 


increases and becomes comparable with the frequency w; in this range, wave 
propagation does not occur. 


§58. Equations of fluid dynamics in a magnetoactive plasma 


If the characteristic spatial dimensions L in a moving plasma are large compared 
with the mean free paths, 


L>l, (58.1) 


tWe assume the particular case where not only wp, —w <wpe but also Ne > wee, $O that unity is 
Certainly negligible on the right of (56.9). 


¥Formulae (55.7), it will be remembered. also presuppose the fulfilment of the condition (55.4): 
WBe > kur,. 
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we may suppose that thermodynamic equilibrium with local values of the tem- 
perature (the same for electrons and ions), pressure, etc., is established by 
collisions in any small region of the plasma. The movement of the plasma may then 
be described by the macroscopic equations of fluid dynamics. 

The equations of magnetic fluid dynamics have been given in ECM, §5], but it 
was assumed that the transport properties of the medium (viscosity and thermal 
conductivity) were independent of the magnetic field. For this to be true in a 
plasma, the following conditions are necessary: 


Uy > Wy, Ve > Wee 
(of which the second follows from the first). These conditions are often too 
rigorous, and it is therefore necessary to derive equations of fluid dynamics that are 
free from the restriction mentioned. 
The equation of continuity for the mass density p remains, of Course, as usual: 


dpl ot + div(pV) =0, (58.2) 


where V is the macroscopic velocity. The general form is also the same for the 
Navier-Stokes equation 


dV. OP. lex _ 90 og 
o| at +V.I)V.| +5 ¢ UX B)a = aXp 658.3) 


and for the energy conservation equation 
- GpV?+ pU + B78) = — divipVGV?+ W)-o'.V+cEXBl4a+q], (58.4) 
€ 


where oy, is the viscous stress tensor, a’. V denotes the vector with components 
o.pVm q is the energy flux (including both the dissipative part due to thermal 
conduction and thermoelectric effects, and the convective transfer of energy by the 
current; see the definition (58.8) below), and U and W the internal energy and heat 
function of the medium per unit mass. The tensor oig and the vector q must be 
expressed in terms of the gradients of thermodynamic quantities and the velocities; 
the form of these expressions depends on the magnetic field. 

The following remark should be made in connection with equation (58.3). This 
equation takes into account the force exerted on the plasma by the magnetic field 
(the last term of the left), but not the force e(zN,;— N.)E exerted by the electric 
field. This treatment is justifiable here, since it follows from the condition (58.1) that a 
fortiori L> a, and the plasma is therefore quasi-neutral, so that we can put 
zN, = N,, and there are no uncompensated charges in the plasma. 


tMoreover, in ECM, §51, the terms representing the thermoelectric effect were omitted from the 
equations, 

This argument is based on the inequality |>a, We are everywhere considering a fully ionized 
plasma. In a partly ionized one, the inequality | > a need not be satisfied, because the mean free path is 
reduced by collisions with neutral atoms, and then | >a is to be regarded as a further necessary 
condilion for the bulk electrical force to be negligible. 
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Equations (58.2)-(58.4) must be supplemented by Maxwell’s equations for a 
quasi-stationary electromagnetic field (the displacement current being then 
omitted): 

1 dB 


curl E = ag divB=0, curlB=47j/lc. (58.5) 


To say the field is quasi-stationary means that its frequency of variation w <c/L. 
The electric field induced by the variable magnetic field is E ~ wLB/c <B:; for this 
reason, we need include in (58.4) only the magnetic, and not the electric, field 
energy density. The neglect of the displacement current is, moreover, in ac- 
cordance with the assumption that the plasma is quasi-neutral: the last equation 
(58.5) implies that div j = 0. 

Lastly, the “generalized Ohm’s law” equation is needed: 


E+VxBic =F, (58.6) 


where F is some linear Combination of the current j and the gradients of the 
thermodynamic quantities. The combination of E and B on the left of (58.6) arises 
(cf. ECM, § 49) from the transformation of E when we go from the rest frame of a 
given volume element in the medium to a frame in which the element is moving 
with velocity V. 

In a quasi-neutral plasma, the relative concentration of the electron and ion 
components is a given Constant (N,/N; = z). Hence only the temperature and the 
pressure are independent thermodynamic variables; the problem of expressing F 
and q in terms of the gradients of these variables (and the current j) is formally the 
same as in the theory of thermogalvanomagnetic effects in metals (see ECM, §25).+ 

The relations between j and q, and between the field and the gradients of 
thermodynamic quantities, are written as generalizations of (44.12) and (44.13): 


Otte os At ar 

F, + e aXe —~—C ap), + Aap aXxp * (58.7) 
ate Fs Oe 

Ga e Ja + Bagi Kap axe" (58.8) 


Here yp, is the chemical potential of the electrons; the tensors o4g. Gap, Bag depend 
on the magnetic ficld B as a parameter. The absence of the term —gj (cf. (44.13)) on 
the left of (58.8) is due to the fact that this has already been included in (58.4) by 
means of the Poynting vector in the energy flux, as is easily seen by using 
Maxwell’s equations (58.5) to transform its divergence. In the stationary case (§ 44), 
we have 


— div cEX Bl4n =j. E= — div(gj). 


We must repeat that the discussion refers to a fully tonized plasma. The presence of several types of 
heavy particle (various ions, neutral atoms) would make it necessary to consider the corresponding 
diffusion processes. 
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Thus the energy flux q in (58.8) already excludes the transfer of energy —eg by 
particles. 

By Onsager’s principle, the coefficients in the relations (58.7) and (58.8) satisfy 
the relations 


Oop(B) = Oga(—B), Kag(B) = Kpa(—B), (58.9) 
Bug(B) = Tog. (—B). (58.10) 


Since B is the only available vector parameter, the dependence of the tensors on 
the direction b = B/B may be written in the general form 


Qop(B) = a15ag + arbabg + a3€apyb,, (58.11) 


and similarly for the other tensors; the scalar coefficients a1, a2, a; are functions of 
the field B, satisfying the Condition of symmetry under inversion (B is an axial 
vector and its components are unaffected by inversion, as is required for the 
components of the true tensors ag, etc.). Expressions of the form (58.11) neces- 
sarily satisfy the relations (58.9), and (58.10) becomes 


Bag(B) = Tang(B). (58.12) 


In the practical application of the expressions (58.7) and (58.8) in magnetic fluid 
dynamics, the gradient of the chemical potential is more conveniently expressed in 
terms of the pressure and temperature gradients by 


Vie = -S.VT + (1/N.)VP, be = We — TSey 


where P, = N,.T = Pz/(1 +2) is the partial pressure of electrons in the plasma, and 
S. and w, are the entropy and heat function per particle in the electron Component 
of the plasma. We finally write (58.7) and (58.8) in vector form as 


E+Vx Bic +(l/eN,)VP. 
= jloyt ilor + RBXj+a(VT)+aUVT)+NBXVT, (58.13) 


q+ (wde)j= aT yt a Th + NTB X j— «(VT — «i(VT). + £BX VT. (58.14) 


with a fresh notation for the coefficients (all of which are functions of B), and the 
suffixes || and L denoting vector components longitudinal and transverse with 
respect to B. The definition of the coefficient ay in (58-13) differs from that in (58.7) 
by the inclusion of se. The coefficients 2, N and & represent the Hall, Nernst and 
Leduc-Righi effects. The terms RBxj in (58.13) and ¥BXVT in (58.14) are 
non-dissipative transport effects, which do not appear in the products E-j and 
q: VT and therefore do not Cause an increase of entropy. 

The general expression for the viscous stress tensor o{, in terms of the gradients 
of the macroscopic velocity has already been given in §13. When applied to a 
plasma, this expression is somewhat simplified by the vanishing of the two second 
viscosity Coefficients £ and ¢, The vanishing of £ is a general property of 


§59 Transport Coefficients of a Plasma in a Strong Magnetic Field 245 


monatomic gases such as plasmas. The reason for the absence of the Z, term is 
explained in §59. 

The remaining terms in (13.18) may conveniently be rearranged for application to 
a plasma, since in general the magnetic field there has a Strong influence on the 
viscosity, not a weak one as in a neutral gas; there is therefore no sense in 
distinguishing the ordinary viscosity coefficient n. Here we put ogg in a form 
differing from (13.18) only in that the n term is replaced by 


no 3babg — Sug)(b,bs V5 —4 div V), (58.15) 


where (instead of h) b= B/B; see the penultimate footnote to §59 regarding the 
desirability of this definition of no. 
If the z-axis is taken parallel to b, the stress tensor components are 


Oh, = — No Ve: — 5 div V) + mC Vax — Vy) + 2n3Viy, 
Oy = —No( Viz — 3 div V) + ny(Vix — Vyy) — 2703 Vay, 
o'. = 2nd V.. —3 div V), 

Oxy = 2 Vay — 13(Vix — Vy), 

Ox = 2n2Vi2 + 2N4Vyr, 


(58.16) 
Oy: ba 2m Vy: _ 2naVx2- 


§59. Transport coefficients of a plasma in a strong mzxgnetic field 


To calculate the transport coefficients of a magnetoactive plasma we must, as 
usual, seek the particle distribution functions in the form f = fo+ 5f, where df is a 
small correction to the local-equilibrium distribution and is proportional to the 
corresponding gradient of the thermodynamic quantities. On substituting this 
eXpression in the transport equation, e.g. for electrons, 


RE 


a 
7 Pe : La 5 
gE ae ee aa ne = C(fe), (59.1) 


we put f,=f>o. in the four terms on the left; the fourth term then vanishes, 
since @fo./dp is parallel to v, so that the term in 6f, must be retained there, and we 
find as the equation for 5f,T 


Ofoe Ofoe Ofoe  e Of. 
Foe . CS 0e , Se a €.  LOSe 2 
oP +y¥ ae eE paar vxXB ap + 1(8f.), (59.2) 


Where J is the linearized collision integral. 


tIn the calculation of the permittivity of a plasma in §29, the magnetic-field term in this equation was 
Omitted because it is a second-order small quantity when E and B are small. In the present problem, the 
magnetic field B (unlike the electric field E) is not assumed to be small. 


PK 10-@Q 
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Let us note first of all that the longitudinal electrical conductivity oy and thermal 
conductivity x; are independent of B, and have the same values as in the absence of 
a magnetic field, i.e. are the ordinary scalars o and x. It is obvious from symmetry 
that, when the vector E or VT is parallel to B, the distribution function 8f is 
independent of the position angle g of the transverse velocity v, in the plane 
perpendicular to B. Also, vXB. d8f/ap = — (B/m)ddflag, and so, when d6ffdg =0, 
the magnetic field does not appear in the transport equation.t 

For a similar reason, the viscosity no, which determines the viscous stresses o,, 
is independent of the magnetic field (and therefore is the same as the ordinary 
viscosity 7) when the velocity V is parallel to B (along the z-axis); it then depends 
only on z, and in the expressions (58.16) there remain only the terms in o,, = 
oly =— 30%, = — nod Vi dz. 

Lastly, the coefficient £,; would have to be independent of the field. For the 
velocity distribution mentioned, it would contribute to the stress tensor o4, = Ojy = 
ot, = €,dV/dz. Since this effect is absent in the absence of the field, £, = 0 even when 
the field is present. (Note that this reason does not depend on the plasma being 
classical; the result ¢,=0 is therefore valid in the relativistic case also, whereas 
£# 0 in a relativistic plasma.) 

The calculation of the other transport coefficients can be carried out similarly in 
the limit of strong magnetic fields, when (for each type of particle) the Larmor 
frequency wz, >v. Under these conditions, collisions function as a small cor- 
rection.§ 


ELECTRICAL CONDUCTIVITY 


Let us first calculate the coefficients which determine the electric current in the 
plasma. This is conveniently done in a frame of reference such that a given plasma 
volume element is at rest. Neglecting quantities ~ m/M, we can regard such a frame 
as coinciding with the rest frame of the ion component. The electric current is then 
purely electronic. We have therefore to solve only the transport equation for 
electrons. 

The left-hand side of the transport equation would have to be transformed by 
means of the equations of fluid dynamics in the same way as was done for an 
ordinary gas in §6, In the chosen frame of reference, the macroscopic velocity (but 
not. of course, its derivatives) is zero at the point considered ||| 

There is, however, no need to carry out the complete calculations here (for 
electrons). First of all, the term d6f,/dt can be omitted altogether. The differen- 
tiation with respect to time leads to terms containing the derivatives @T/at, aP/at 


tWe must at once add, however, that these arguments (and similar ones below) assume that the 
process of particle scattering is independent of the magnetic field, For this to be so, it is necessary that 
the field should satisfy the inequality (59.10) below. 

$We must again emphasize that all these statements depend on the form of the term in B in the 
transport equation (59,2); they therefore do not apply to an ordinary gas, whose molecules have a 
magnetic moment through which (not through the particle charge as in a plasma) the interaction with the 
magnetic field takes place in that case. 

§The transport coefficients for a magnetoactive plasma were calculated by R. Landshoff (1949), E. S, 
Fradkin (1951) and S, I. Braginskii (1952), The analytical method given below is due to 1.E, Tamm 
(1951). 

{This has essentially been assumed already by making use of the parallelism of the vectors afofap and 
Vv. 
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and éV/at. Of these, the first two can be expressed in terms of the scalar div V (cf. 
(6.16)), and such terms, as we know, cancel in any case for a monatomic gas (such 
as a plasma). The derivative dV/d!t, expressed by means of the equation (58.3) of 
fluid dynamics, contains a factor I/p, or 11M; the inclusion of such terms in the 
transport equation would give only corrections ~ m/M, which are of no interest. 
Next, in (59.2) we can put E= 0, since we know that E can appear in the required 
current j only as the sum E+(l/eN.)VP. Lastly, since we do not propose to 
calculate the “longitudinal’’ transport coefficients o;, Kj, No, Which are independent 
of the magnetic field, all thermodynamic quantities for the plasma may be regarded 
as depending only on the coordinates in a plane perpendicular to B. Denoting by V_ 
the operator of differentiation in that plane, we can thus write the transport 
equation as 


(v- Vi)foe =(elc)v XB. d5f fap + I(Sf.). (59.3) 


This equation in turn can be solved by successive approximation in powers of 
1/wg.. The first approximation, denoted by the superscript (1), entirely neglects the 
collision integral, so that the equation is 


 95f Yd 


vxb 
av We 


(v. Vi)foes (59.4) 


with b = B/B. The solution is 


569 =—— ev bx Vifecs (59.5) 


WBe 


as is easily seen by direct substitution. It is evident that this solution can be used to 
calculate only the non-dissipative transport coefficients: in the absence of col- 
lisions, there is no dissipation of energy. 

The electric current density is given by the integral 


eee 2 | var. d’p. (59.6) 
Substitution of (59.5) gives 


i? = (mc/B\(b X Vi. (v)v)Ne 
= (mc/3B)b x V,N-(v?), 


where the averaging is over the Maxwellian distribution. The result is 
j = (c/B)bx VP, ViP. = —(Bic)b xj. (59.7) 


Comparison of this expression with the definition of the coefficient @ in (58.13) 
shows that 


= —]/N.ec. (59.8) 
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In the next approximation, we seek the solution of equation (59.3) as 6f. = 
5fé? + df, and obtain for 6f- the equation 


wpev Xb. d5f. av = — 1(8f2) 
= (1/wp.)I(v > bX Vi foe): (59.9) 


the operator V, cannot be taken outside I, since in the linearized collision integral 
the integrand contains among its coefficients quantities such as N, which depend on 
the coordinates. 

As already mentioned, the magnetic field is assumed so strong that wz, >». In 
this section, however, we shall make the further assumption that 


'pe = Ure WBe > Qe, (59.10) 


le. that wg <0: this places an upper limit on the field. When this condition is 
satisfied, the field causes almost no curvature of the electron trajectories (and still 
less of the ion trajectories) in the collision region, and so has no effect on the 
collision process. The operator I therefore does not depend explicitly on the field. 
Then, by symmetry, the right-hand side of equation (59.9) must have a vector 
structure of the form v. bX V,g(v’); as regards the variable v, this is of the same 
kind as on the right of (59.4), but with b x V, in place of V,. The solution of (59.9) is 
therefore 


1 


W Be 


6f.°) = ~ I(v. dX (bX Vi)foc) = —a Mv . Vi foe). (59.11) 
Be 


In the calculation of the current, a non-zero contribution comes only from ei 
collisions: since, under the conditions assumed, collisions are a small effect, the 
contributions to the conductivity from ee and ei collisions may be considered 
separately, and this means, for example, that contribution from ee collisions is 
calculated from the distribution function obtained by solving the transport equation 
with only this collision integral on the right, as if the electrons did not collide with 
the ions at all. In that case, the integral f v8f d?p with 5f in the form (59.11) is 
zero, because the law of conservation of momentum in collisions with any 
distribution function f, gives identically 


| vC..(f.) dp = 0; 


cf. §5. 
Thus, in calculating the electric current, J in (59.11) is to be taken as the 
electron-ion collision integral. Thent 


Lely . Vifoe) = — valv Mv . Vidfoes (59.12) 


*Cf. (44.1). A formula of this type for C(f) is valid if collisions take place with particles which may be 
regarded as immovable and if 6f has the form v- Ag(v), with A a constani vector. In the present case, A 
is represented by the vector operator V,. 
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where, from (44.3), 


Vea(v) = 4aze4N.L,Jmv?. 


The contribution to the current from the distribution function (59.11), (59.12) is 


£(2) eN. 2 
J 304, Vilv*ve(v)) 


5 
a av Cm ze Ee: Vi(PAT*”). (59.13) 
3m""O Be 
To calculate the required transport coefficients, we must substitute the current 
i. = jf + j in equation (58.13): 


VP, = 244+ RBbx j, t+a,ViT +NBbXV,T, (59.14) 
eN, . Oy 


which determines these coefficients. First of all putting VT = 0 and collecting terms 
of order 1/w ., we find that 


jlo. + RBbx j"=0, 
whence 


01 = 37'e?N,12'? mi, (59.15) 


where v,; (without argument) denotes 
Ve = Vea (Ure) = 4aze4*L Nem? Tb". (59.16) 


The quantity (59.15) is of the same order as the conductivity (43.8) in the absence 
of the field, which here is equal to oj. 


Similarly, putting VP. = 0 in (59.14) and collecting terms ~ 1/wg,, we find 


RBb x jO+ NBbx VT =0, 
whence 
N = —vel(27)'’ mew be = ~3CN-120 B?. (59.17) 


The coefficient a, appears only in the next approximation with respect to 1/w,,: 
its value for z =1 is 


a, = 0.36(valwee)’. (59.18) 


ELECTRONIC THERMAL CONDUCTIVITY 


The heat flux in the plasma consists of electronic and ionic parts; let us first 
consider the former. It is calculated as 


qe =m [vv df. dp. (59 19) 


250 Plasmas tn Magnetic Fields 
In the first approximation with respect to 1/wg,, substitution of (59.5) gives 
ge? =~ (m[2ape)(b X Vi. (v)vv") Ne 
= — (m]6ap.)b x ViN.(v‘), 
whence 


qe” = — (Sc/2eB)b x V,P.T 
= — (w,fe)j — (ScP,/2eB)b X Vi T, (59.20) 


where w, = 57/2 is the electronic heat function per electron. Comparison with the 
definition of the coefficient ¥ in (58.14) shows that 


f. = —-ScN,T]2eB?. (59.21) 
In the next approximation, the integral (59.19) is to be calculated with the 
distribution function (59.11). However, both ei and ee collisions contribute to the 


heat flux. For the former, we again use (59.11) and (59.12), obtaining 


ae a ee (MN,[6w be)V (04 vei(v)) ’ 


whence 
27) ze*N.L, T 
= AV On) 2e eh V (PAV ). (59.22) 


To find from this the corresponding part of the thermal conductivity «,, however, 
we must also use the condition j = j + j? =0, since by (58.14)k, is defined in terms 
of the heat flux in the absence of a current. With (59.7) and (59.13), we find that this 
condition leads to the following relation between the pressure and temperature 
gradients: 

(cf Byb x VP, = Nev T; 
© V(27)mwk 7°” 


in the calculations, we everywhere neglect terms above the second order in 1/w,.. 
Using this relation to calculate the sum q.” + qé”, we find 


; 13) N.Ty 
(ei) = € ei : 23 
nae 6V (271) murde Fe) 


This formula has a simple physical significance. In order of magnitude, the 
thermal conductivity must be kx; ~~ C,D,, where C, ~ N, is the specific heat of the 
electrons per unit volume, and D, the electron diffusion coefficient across the 
magnetic field. The latter in turn is estimated as ((Ax)’)/5t, where ((Ax)*) is the 
mean square displacement in the time Sf. In a magnetic field, the transverse 
displacement is due only to collisions, and the electron moves a distance ~ rge. 
Hence D, ~ %ir3-, which leads to (59.23). 

Let us now deal with the contribution from ee collisions. The calculations here are 
more laborious, and we shall only outline them. 
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In (59.11), I is nuw to be understood as the linearized Landau collision integral: 
Tec(fe) a div,s‘, 


where 


sof) = 2a e‘L, [besten [f oe al eras a — fi, aa afeseel dp ' (59.24) 


and w=v-—v’. The integral (59.19) with this distribution function becomes, on 
integrating by parts, 


ge" = (1]2w be) | {u's + 2v(v.s)} d*p. (59.25) 
The coefficient here is written so that 6f, in (59.24) is to be taken as (v. Vi)fo,. The 


differentiation V, need only be applied to the temperature T in the exponent of the 
Maxwellian function foe! 


(v. Va)foe > foe(mv7/2T?) v. ViT 
the terms arising from differentiation of the coefficient of the exponential cancel. 
After a simple though fairly lengthy calculation, the integral (59.25) is brought to 


the form —«“2V,T, wheret 


4 
(ec) _ aL é 


e w.V) , f 
me a3 | ahd +++ foPMoutP') dpa ’ 


w=v-—v, V=3(v+v), and the dots in the braces stand for terms containing odd 
powers of w. V, which vanish on integration. Noting that 


foe(P)foe(p') « exp(—mV7IT — mw’l4T), 
and carrying out the integration over d’p d’p', we have finally 


(ce) _ 2 N, € Tec 


te aN eee (59.26) 
where 
Vee = 4re4N,Lm'? TF | (59.27) 


Thus the total electronic contribution to the transverse thermal conductivity is 


= 2N. Tv. (1 #2) 
1 FVrmoagA! 47} 


*This is evident from the general property noted in §6: the collision integral for like particles is zero 
for functions of the form vf». 

=The pressure gradient does not appear here, und so there is no need to eliminale it by means of the 
condition j = 0. 


(59.28) 
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{ONIC THERMAL CONDUCTIVITY 


First of all, note that the condition wg; > vy; for the approximation under con- 
sideration to be applicable to ii collisions is stronger than for electrons. Since 
Vie ~ Vee(m|M)'", and wa, ~ wae] M, it follows from wm > vg that we, > vee(M/m)"”, 
which is stronger than wa. > vee; the condition rg, >a is certainly satisfied, being 
weaker than (59.10). 

The transport equation for ions is analogous to (59.2): 


Of ai fo, Of oi ze oof, 
ay. 3 RE Rg AL ; i 
at Vv ar + zeE ap - vXB ap + I(8f,) (59.29) 


As regards the transformation of the left-hand side, however, there is a difference 


from the electronic case. Substituting 


N; 5 
fo _ (QnTMy": exp{—M (v = Vy /2T} ; 


we must now differentiate V with respect to tf (and then again assume that the 
frame of reference is so chosen that V = 0). With V =0 we have from the equation 
of motion in fluid dynamics 


Vee yp xp: 
ot p pc 


where the pressure P = P, +P, and the density p= N,M. The transport equation 
then becomes 


v. Vifu~ ftv (vp -<4xB) = —yxp Dh, I(5f,), (59.30) 


where we have again, as in (59.3), put E=0 and written V, in place of V.T 


We can solve equation (59.30) by successive approximation with respect to 1/wz). 
In the first approximation we have, analogously to (59.5), 


1 fo for. 
(ty poor 5! be oi 
of; re a x (V.fo NT ViP +H xB). 
In this approximation, from (59.7), ViP. =j X B/c, whence 
sf =—y px (v pe v.P), (59.31) 
Wei Pi 


This distribution function gives, of course, no contribution to the 


tFor electrons, the second term on the left would contain not Mip but m/p = m/MN,, thus being 
negligible. 
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current, f 5f{°v dp =0, as we should expect in a frame of refercnce where the 
ionic component of the plasma is at rest. The heat flux is then 


qi? =2M | v’y of.) d’p 


= (M/6wz,)b x [Vi(NiXv4)) — (04) TV Pi] 
= (ScP/2zeB)B x VT, 


whence 


YL; = 5cN,T]2zeB* = — ¥,Jz’. (59.32) 


To calculate the heat flux in the next approximation, only ii collisions are 
important: ei collisions make a contribution that is smaller by a factor ~ (m/M)'”, 
because the ion momentum change in collisions with electrons is small. The 
calculations are exactly similar to those given above for ee collisious.} The ionic 
part of the thermal conductivity is therefore obtained from (59.26) on replacing the 
electronic quantities by ionic ones: 


Kyi = 2N,Tril3V wMwi, vg = 47272e4L,NIM'?T?”. (59.33) 


A comparison of (59.33) and (59.23) shows that (when z~ Iki; > Ki-(M/m)", 
Thus, in fields so strong that wa; > vi, the transverse thermal conductivity is almost 
entirely ionic. The electronic conductivity becomes comparable when wg; ~ 
(m/M)""*y,; in making the comparison, it is to be taken into account that in such 
fields the effect of the magnetic field on «, is negligible. In still weaker fields, the 
ionic contribution to x, becomes unimportant; in that case, if wpe > vee, Ki is Biven 
by (59.28). 


VISCOSITY 


The momentum of a moving plasma is concentrated mainly in the ions, and the 
viscosity is therefore determined by the ion distribution function. Since collisions 
between an ion and electrons do not greatly change its momentum, only ion—ion 
collisions need be taken into account in the transport equation. 

The left-hand side of the transport equation (59.29) is transformed in the same 
way as in §§6 and 8, and takes the same form as there.t Thus the transport equation 
for the viscosity problem is 


(MIT)v.0p(Vup — 35a div V)foi = —(zelcM)v X B . a8fifav + hi(Sfi)» (59.34) 


The solution of this equation is to be sought in the form 


4 
5f, = 2 En(v)V Pv vs, (59.35) 


{The term in VP, which distinguishes (59.31) from (59.5) is unimportant here: this part of the 
distribution function is “ vfg, and has zero collision integral; cf. the last-but-one footnote. 

tHere it must be noted that the plasma pressure P =(N,+N.)T = N,(1+z)T, and the heat capacity 
Per ion is 3(1 + z)/2. 


254 Plasmas in Magnetic Fields 


where the V‘¥ are linear combinations of the components ot the tensor Vag, which 
appear in the expression 


op = 2 mV“ (59 36) 


for the viscous stress tensor, according to the definitions (13.18) and (58.15); it will 
be recalled that all the V“) = 0. The stress tensor is calculated as the integral 


—O.p = | Moats 5f,d‘p. 


Substituting (59.35), averaging over the direction of v by means of the formula 
(vgUgvy0s) = 50 “(Sap bys + Say 5p + bas 5p,) ’ 


and comparing with (59.36), we find 
mn =~ 2MI15) | v4ga(0v?) dp. (59.37) 


The equations which determine the functions g, are obtained by substituting 
(59.35) in (59.34) and equating the coefficients of the various tensors Viz on the two 
sides of the equation. We shall omit the details of these fairly laborious cal- 
culations, and give only the final results. 

Non-zero viscosity coefficients 73 and 74 arise even when the collision integral is 
neglected, and are therefore proportional to 1/wp;. The coefficicnts n, and 72 arise 
only in the next approximation, when collisions are taken into account, and are 
therefore proportional to 1/w 3:2t 


m=iam= gee ene 


1 (59.38) 
3 = 274 = N,T/2wnpi. 


Lastly, it may be noted that all the expressions derived in this section for the 
“transverse” transport coefficients remain meaningful even under conditions less 
stringent than the general formula (58.1). It is easy to see that the correction to the 
distribution function is small provided that the characteristic dimensions of the 
problem are large in comparison with the Larmor radius rg of the corresponding 
particles; this ensures that the above expressions are applicable. The condition is 
sufficient also for the applicability of the equations of fluid dynamics themselves, 
if the pressure and temperature gradients are everywhere transverse to the mag- 
netic field. 

In this discussion, we have everywhere considered a plasma in which the 
electron and ion temperatures are equal. However, “‘two-temperature”’ conditions 


tThe suitability of defining the viscosity no for a magnetoactive plasma as in (58.15) is due to the fact 
that all the other coefficients n then tend to zero as B> =, 
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often arise, because of the large mass difference between electrons and ions. In 
such a Case, we Can again formulate equations of the fluid dynamics type, and 
calculate the transport coefficients that occur in them.T 


PROBLEM 


A plasma inhomogeneous in the x-direction is confined by a magnetic field in the z-direction, With the 
condition wre > ve, determine the density and magnetic field distributions in the plasma, assuming the 
temperature distribution given (I.E. Tamm 1951). 

SOLUTION. The gradients of the temperature T and the pressure P are in the x-direction, and so is 
the electric field E (a potential field in the stationary case) which results from the inhomogeneity of the 
plasma. The confinement signifies that there is no movement of the plasma or electric current in the 
x-direction: V, = 0, j, = 0. 

Using these results and Maxwell’s equation curl B = 47j/c, we obtain by taking the y-component of 
(58.13) 


(cl4m)dBIdx = —jy = Ko.B dT] dx. 
Substitution of (59.17) for Vou. gives 
d (B’ 3, dT 
dx a) or P~ N. . (1) 
The magnetic field is *‘expelled”” from the hotter parts of the plasma. 

By taking the x-component of (58.3) and neglecting the viscosity terms which make a contribution of a 
higher order of smallness in 1/B, we obtain a second equation. 

d(P. + Pi)Jdx = j,Bic, 

which by means of the same Maxwell’s equation can be converted (when z = 1) to 


2N-T + B/8a = constant. (2) 


Egnation (1) may be put in a more convenient form by eliminating the magnetic field by means of 
equation (2). After integration, we have 
N.T™* = constani. (3) 


The formulae (2) and (3) give the solution. The temperature distribution comes from the equation of 
thermal conduction. 


§60. The drift approximation 


In examining the transport coefficients of a plasma in a strong magnetic field 
(§59), we used the Landau collision integral, which assumes the inequality rg, > a 
(59,10). We shall now show how this limitation may be removed, i.e. how formulae 
may be obtained which are suitable even for fields so strong that the opposite 
inequality holds for electrons: 


pe <a. (60.1) 
Here it is convenient to make use of a particular approximation called the drift 
approximation, Made in the transport equation itself and not only in the solving of 


tThis topic is dealt with by S. I. Braginskii, Transport processes in a plasma, Reviews of Plasma 
Physics «, 205, Consultants Bureau. New York, 1965, 
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it. The drift approximation is valid if the magnetic and electric fields vary 
sufficiently slowly in space and time: the field frequency w and the effective 
collision frequency v must be small in comparison with the Larmor frequency, and 
the characteristic distance 1/k over which the fields vary must be large compared 
with the Larmor radius. These conditions must be satisfied for each type of particle 
to which the drift approximation is applied. In the present section, we shall write all 
formulae for the particular case of electrons; the corresponding formulae for ions 
are obtained, as usual, by making the changes e > —ze, wae > —wg;, m > M, Thus we 
Shall assume that 


W, Vej < WBe, Wk > VBe- (60.2) 


The method in question is based on approximately solving the equations of 
motion of charged particles in specified fields E(t, r) and B(t,r), taking account of 
the slowness of variation of these with t and r. The motion of particles in such 
fields is a combination Of a rapid rotation (with frequency w,,) in circular Larmor 
oibits and a slow movement of the guiding centres, i.e. the centres of these orbits. 
The method of solution is to separate the rapidly oscillating component of the 
motion and average over it. 

The position vector and the velocity of the electron may be written as 


r=R(n)+2(1), v=V+E, V=R, (60.3) 


where R is the position vector of the guiding centre, and ¢ the oscillatory position 
vector of the electron relative to it.{ In the zero-order approximation, where the 
space and time variations of the field, and collisions, are entirely neglected, we 
have simply a motion in crossed uniform and constant fields E and B. As we know 
(see Fields, § 22), the vector ¢ in this case is exactly in the plane perpendicular to B, 
and rotates in that plane with a constant angular velocity wz. = eB/mic, remaining 
constant in magnitude. The radius || of the circle is related to the constant speed 
(Z| = v, by |£| = v_fwp,; the vector relation between ¢ and ¢ is 


f=—-b x Yor, (60.4) 
where b= B/B. The centre of the orbit moves with velocity 
R = Vo = Dob + Wo, 


where vq is the speed of the uniformly accelerated motion along the magnetic field, 
which satisfies the equation 


nivy = —eb.E (60.5) 
and ; 
Wo = R, = (c/B)E Xb (60.6) 


is the electric drift velocity in the plane perpendicular to B.t 


+The quantity V in this section is not to be confused with the macroscopic velocity denoted by Vin 
§59. 
tHere we assume. of course, that E/B <1, so that w <c and relativistic effects may be neglected. 
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From now on, we shall use this approximation, neglecting terms arising from the 
non-constancy of the fields E and B, i.e. shall regard these fields as constant. 
Accordingly, the suffix 0 will be omitted from all quantities. 

The essence of the drift approximation is to change, in the transport equation, to 
the slowly varying quantities R, vp and v, =(|¢|. These together constitute five 
independent variables in the distribution function. 

The phase volume element in the new variables is 


dx d’p = d?R.2ain'‘ dy. v, dv, 
= 2am’ d'R dud, (60.7) 
where the quantity 


J = Dy. (60.8) 


will be convenient later. As regards the derivation of (60.7) it must ve remembered 
that in the approximation used the fields may be regarded as constant. 

The electron current density can be expressed in terms of the new variables. For 
one electron, the current density is —ev5(r—r,), where r denotes variable coor- 
dinates in space, and r, the position of the electron. Putting y= V +¢ andr, =R+¢, 
we write 


—evd(r—-re) = —e(V + O(5(r— R)—- £- V(r — R)]. 


We average this expression over the angle of rotation by means of the obvious 
relation 


wpe lal (b x f)p) = ma (2,5) = aby bap » 


where a and B are two-dimensional vector suffixes in the plane pe: pendicular to 
the magnetic field. The result is 


—eV8(r~ R) + (rncJ/B)b X V,5(r — R). 


Multiplying this by the electron distribution function f, and integrating over 
dp = 2am’ dvjdJ, we find the current density in R-space:t 


j.=—e | Vf. d’p —(mc/B) curl (bf d’p). (60.9) 


The first term here corresponds to charge transfer with the moving Larmor 
orbits; the second term takes account of the rotation of particles in these orbits,t 
and has a simple physical significance: if it is written as c curl M, the vector 


M= ~(mb/B) | fol dp (60.10) 


+With integration by parts in the second term, which transfers the operator V, to bf. 

tA similar averaging of the charge density —eS(r—r,) gives the usual expression —e f f.d’p. 
Correction lerms due to the rotation of the pariicles would appear here only when second-crder small 
quantities (second derivatives with respect to the coordinates) were taken into account. 
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is the magnetization of the plasma due to the rotation of the charges. The magnetic 
moment (60.10) is independent of the sign of the charges and is in the direction 
opposite to the magnetic field, i.e. corresponds to diamagnetism. 

Let us now transform the transport equation to the new variables. Since the 
distribution function f, relates to the same element of phase space as before, which 
is simply put in the different form (60.7), the transport equation again has the form 
df.{dt = C(f.), or, expanding the left-hand side in terms of the new variables, 


Ofe, fe fe 
art VaR, t BEX? aR, = Cle) (60.11) 


where we have used an obvious notation for the components of the vectors, and 
taken account of (60.5) and (60.6). In this approximation there is no term in 0,, 
since v, does not vary during the drift. 

Next, let us express the collision integral in terms of the drift variables. Note 
first of all that a collision in these variables is an “instantaneous” change in the 
velocities vj and v, and the components R,, perpendicular to the magnetic field, of 
the position vector of the guiding centre. The parallel component Rj is almost equal 
to the corresponding coordinate of the particle itself, and is unchanged in the 
collision. 

Collisions occur only between particles which pass at impact parameters p not 
exceeding the screening length a: pa. If p is much less than the Larmor radii of 
the colliding particles, the magnetic field has no effect on the scattering process, 
since at such distances the field causes no appreciable curvature of the particle 
trajectories. It is not natural to describe such collisions in terms of the drift 
variables. The use of the collision integral expressed with these variables is 
therefore appropriate only when for at least one of the colliding particles rg <a. 

In a Coulomb interaction of particles, with or without a magnetic field present, 
distant collisions, and accordingly small changes in all the variables, are important. 
The derivation of the collision integral in p-space given in §41 therefore remains 
valid in the space of the variables R, =(X,Y), vj, J (with the z-axis along the 
magnetic field), if we now replace the momentum components by the four variables 
e{X, Y. u,J} and take Ag, Ago... to be the changes in these variables in 
collisions. 

The collision integral is again brought to the form 


4 
Ci=- a As, Og, 


(the flux s, has, by definition, components only in the plane perpendicular to B). 
Here it is important that the volume element in the space of the variables g 
reduces simply to the product of their differentials; the collision integral is 
therefore an ordinary divergence. The proof given in §41 needs only slight 


tThis was done by E. M. Lifshitz (1937) for an electron gas, and the result was generalized to plusmas 
by S. T. Belyaev (1955). 
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changes. First of all, in (41.2) we have used the fact that Ap = q = —Ap’, by the law 
of conservation of momentum. For the drift variables considered here, there is of 
course no such relation. Repeating the derivation without this assumption, we find 
for electron-ion collisions (for example) 


We 25 Af {(AgaAgafidfel 28 + [Ager Agu)fedfil aga} dpi, (60.13) 


f=1 


where d°p; = 22M? dJ, dv, the Ag, are the changes in the quantities g, in a 
collision, and the angle brackets denote averaging over collisions. 

An important point in the derivation of (60.13) is the possibility of interchanging 
the initial and final states in the collision integral, after which the terms linear in Ag, 
evidently cancel; this also allows the integration to be taken over all g-space. In 
§41 this transformation was effected by virtue of the symmetry under time 
reversal, which relates the probabilities of direct and reverse collisions. When a 
magnetic field is present, this symmetry exists Only if the direction of the field B is 
reversed, and therefore relates the collision probabilities in essentially different 
fields. However, we shall see that in this case the symmetry under time reversal is 
restored by integration over impact parameters. 

Lastly, in (60.13) we have used the fact that mutual scattering of Larmor orbits 
occurs Only when they pass at distances not exceeding the screening length a. 
Assuming that the distribution function varies only slightly over such distances, we 
have put approximately f,(Ri, vy, J;) ~ f,(Re, vy, Ji) and integrated over d°R;. This has 
left in (60.13) only the integration over d’p;; the averaging over collisions includes 
integration Over the positions R;. In specific cases below, this averaging will be 
expressed by means of the appropriate scattering cross-section. -Here we shall 
simply note that the mean values (AR, AJ), (AR, Av) are zero, as is seen from the 
fact that the products AXAJ, AYAJ (and the same with Ay in place of AJ) forma 
vector in the xy-plane. Since there are no preferred directions for the Larmor 
orbits in that plane, this vector must give zero on averaging. 

An important property of the collision integral in the drift variables is that when 
it is included in the transport equation there is a change in the expression for the 
particle flux (in ordinary space) in terms of the distribution function. To see this, 
we write the transport equation as 


af. AV fe) jn (old =~ oa _ Sef Sex. 


at’ aR, ay ay 


(60.14) 


V can be taken under the differentiation, since B and E are assumed constant. 
Integration of this equation over d’p gives 


aN,fat + dive | (Vf. +51) Bp =0, N, = | f. dp, (60.15) 


where the suffix e to the electronic variables is omitted for brevity; N, is the spatial 
number density of orbits, and the expression acted upon by dive is therefore the 
flux of orbits. We see that the ordinary expression f Vf.d’p is augmented by the 
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collision term Jf s,, d’p, which is essentially the diffusion flux transverse to the 
magnetic field. With this description, in contrast to the ordinary description of 
diffusion, it appears directly in the transport equation. 

When these expressions are used we must, of course, take account of the fact 
that the electric current density is related to the flux of actual particles, not of 
orbits. According to (60.9), the flux of particles differs from the flux of orbits by a 
curl term which represents the magnetization. The final expression for the electron 
current density is therefore 


i. = —e | Vf. d?p — (mel B) curl (b | f.J dp ) ~ es,, d'p. (60.16) 


The significance of the expression (60.13) can be appreciated only when the mean 
values in it have been evaluated. We shall show how this done for the case of the 
electron integral in electron-ion collisions. 

The calculations are done in different ways in two ranges of valties of the impact 
parameters p, specified by the inequalities 


(1) p < re., 68) rae < p <a. (60.17) 


The integrations with respect to the parameter p will be logarithmic, as is usual for 
Coulomb scattering. With logarithmic accuracy, no distinction is necessary be- 
tween strong (>) and weak (>) inequalities. The ranges (60.17) therefore cover 
essentially the whole variation of the impact parameter; in accordance with (60.1), it is 
of course assumed that rp, < a. For the existence of range I, it is also necessary that 


pe > Pmin = ze"lmv ie, (60.18) 


where prin iS the impact parameter for which the scattering angle becomes ~ I; we 
are here considering only the quasi-classical case e7/fivy, > I. 

We shall also suppose that rg; =a. Then, for all impact parameters p= a, the 
influence of the magnetic field on the motion of the ions (in a collision) is 
unimportant: the ion path is only slightly curved by the field at distances ~ p. We 
can neglect the ion recoil in the limit m/M — 0, i.e. take as zero the changes in all 
the ion characteristics R,, vu, J.t Then the second term in the braces in (60.13) 
vanishes, so that the electron-ion part of the electron current becomes 


sf St IN(AX,AX,) fel aX, ; (60.19) 


The quantities (AX,AX,) form a spatial tensor transverse to the field, which we 
write in the explicitly transverse form 


(AX,AX) = K(AR.))(Sap ~ babs); (60.20) 


tThis cannot be done if there are impact parameters such that a > p > rp. In such collisions, the ion 
drifts in the field of the electron, and its large mass does nol take effect. 
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the flux (60.19) then becomes 

sO = —IN (AR YYOVi f., (60.21) 
where V =Vpg-—b(b. Vp) is the operator of differentiation in the directions trans- 


verse to b. 
The expressions for the ‘‘velocity fixes” analogous to (60.19) are 


sf? = -IN{( Avy) af. dve+ (AvfAS) afd a}, | 


si) = Ni {(Ar MJ)! afd dug + (AS) Papas}. (60.22) 
In equilibrium, i.e. for a Maxwellian distribution 
C= constant x exp| ~ 2 i+}. (60.23) 


the collision integral must be zero. Substituting (60.23) in (60.22) and equating the 
fluxes to zero, we have 


(ArpATYO = —e((Avp?y? = — Cop (AL yy. (60.24) 


Let us first calculate the contribution from range I, where the magnetic field can 
be supposed not to influence the scattering process, since at such distances there is 
no appreciable curvature of the path for ions or electrons. The natural variable to 
describe the collision is then the ordinary momentum p of the electron. and the diift 
variables must be expressed in terms of this. According to (60.3), (60. ‘) and (60.8), 


r=R-(I/mog)bX pi, y=pim, J =p?/2m’*. 


Since the coordinates r of the particle, unlike the coordinates R of the orbit centre, 
are unaffected by the collision, we hence find 


AR, =(Imoge)bX q., Auy=qim, AJ =(I/m’)p_.q, (60.25) 
where q is the small change in the momentum p. 


Denoting by the suffix I the contribution from this class of collisions, we now 
write 


(AR_Y i? = i (AR, )'v do = (I m2w 3.) i qZvde, (60.26) 


where do is the cross-section for scattering of an electron by an ion at rest. With 
do given by (41.6), the integration gives 


(AR, )) = Sere +cos’ 6), (60.27) 
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where @ is the angle between v and b, and 

Li = log(mrg.v Fel ze”) = log(mv tel Ze? wpe) (60.28) 
is the Coulomb logarithm cut off at a maximum impact parameter p ~ ree (the upper 


limit of range I). Finally, expressing this result in terms of the drift variables, we 
have 


ei) __ 87r27e?C7L 2 4 J 
((ARi)’)i' SB are (60.29) 
A similar calculation gives 
et 8 ae nS J } 
(AvjAS)@ = > ae (60.30) 


and the remaining two quantities are determined from (60.24). 

Let us now turn to range II. Here the drift variables are the natural ones, and the 
collision is described as a drift deflection of an orbit moving in the direction of b 
(the z-direction) in the Coulomb field of the ion at rest. The speed v, and therefore 
J are not changed by the drift; this in turn implies the conservation of v;, because 
of the conservation of energy in scattering by a heavy ton. Hence range II makes 
no contribution to the quantities (60.24). 

The contribution to ((AR,)’) is calculated as 


(ARP = (AR,)|ufdo = i (AR,)"|ujd’p, (60.31) 


where p is the position vector of the orbit centre (the value of R,) before the 
collision. The change in R, as the orbit travels in a constant uniform magnetic field 
B and a constant electric field E = ezR/R' (the field of the ion) is determined by the 
drift equation 


dR, /dt = (c/B)b x E = (zec/B)bX R, (Re + RP"; (60.32) 


see (60.6). In the first approximation, we can put on the right of this equation R, ~ p, 
R,= vyt. The total change in R, ina collision is found by integrating (60.32) with respect 
to t from —= to ~, and is 


AR, = (2zec/ Bl v;|)b x plp’. (60.33) 


Substituting this expression in (60.31) and carrying out the integration (with 
logarithmic accuracy, corresponding to the limits of range II), we find 


(AR,) Yi? = 8227e’c*Ly/B? |v], Lu = log(alrs.). (60.34) 


The contributions (60.29) and (60.34) are in general of the same order of 
magnitude: 


N, ((AR,)’) os Veil Be ’ 
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where vz is the mean electron-ion collision frequency. The particular feature of 
(60.34) is that it becomes infinite as vj; 0, whatever the value of v,. The physical 
significance of this divergence is that when the speed vj; is small the orbit spends a 
long time in the field of the ion, during which the drift carries it to a great distance. 

In reality, of course, formula (60.34) becomes invalid when vj, is small, for a 
variety of reasons: (1) if rg;>a, then for |v|<vy the ion can leave the electron 
during the collision time, and this mechanism cuts off the divergence at |v| ~ v7; (2) 
in deriving the formula, it is always assumed that |AR,| <p; (3) the orbit can leave 
the ion in question because of drift in the field of other particles (a three-body 
collision). 

The above formulae solve the problem of constructing the transport equation in 
the drift approximation. In particular, it enables us to find the transport coefficients 
for the plasma in the first non-vanishing approximation with respect to I/B; see 
Problem I. 

Lastly, it has to be explained how the integration over d’p formally restores the 
symmetry under time reversal, as already utilized in writing (60.13). The loss of this 
symmetry is shown by the change in sign of the deflection AR, in (60.33) when the 
direction of B is reversed. The previous sign can be restored, however, by changing 
the sign of the integration variable, p —> —p, so that the change in the sign of B can 
have no effect in this approximation. (In range I, the magnetic field never affects 
the scattering process.) 


PROBLEMS 

PROBLEM 1. In the drift: approximation, determine the Hall cocfficient @ and the transverse 
conducuvity o, of the plasma (S. T. Belyaev. 1955). 

SOLUTION. Considering a plasma wilh an electron density gradient (but with no eleciric field or 
lemperalure gradien), we assume the distributton funcuon fe Maxwellian in (60.16) and (60.21), 
obtaining 

j = (cT/B)b x VN. + eDiVi Ne, 
the transverse diffusion coefficient being 
D =1NK(AR,)), 
where the har denotes averaging over the Maxwellian distribution of the electrons. On comparing with 
the general expression (58.13), we find in the first approatmation with respect to 1/B the previous 
expression (59.8) for R. In the next approximation, 


o.= Tle’NeRB’D: - (1) 


In range II (see (60.17)), we take ((AR,)*) from (60.34). With logarithmic accuracy, 


Je|7' =(mj2nTy® | exp(—moyp/2T doyle 


= 2( m2 at y? log( UTed Urn) . 


where umn is determined by one of the mechanisms mentioned at the end of the section. For example, 
PUNE Umn~ Ur, We find 


D" = ((2am)""27e?c?N JT!” B*} tog(Mim) log(alre)- (2) 
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Similarly, taking ((AR_,)’) from (60.27), we find the contribution to the diffusion coefficient from range t: 
Di! = (42am)? 27%e7c7NJ3T'? BB? Hog(mv tel Ze wee) - (3) 


If the inequality (59.10) opposite to (60.1) Is assumed to be satisfied, then range If does not exist. and 
the logarithm in (3) is replaced by its ordinary Coulomb value (41.10). Then subsutution of (3) in (1) 
gives formula (59.15) for a.. 

PROBLEM 2. Determine the transverse diffusion coefficient D, for collisions between electrons and 
neutral atoms. 

SOLUTION. Because the electron—atom interaction is short-range, there Is only range I, in which a 15 to 
be taken as the size of the aton.t Formula (60.26) also remains valid, but we niust now substitute in it 
the cross-secuon for electron scattering by a neutral atom. Afler integration over angles, D 1s 
expressed in terms of the transport cross-section a: for Uhis scattering: 


D, = aNa(AR,y) = (Nal2@ he) 0, 


where N, is the nuinber density of atoms. With the cross-section o independent of the electron speed, 
we have on averaging over the Maxwellian distribution 


DS Ts nh 


@ fe 


2 ( Y Nath 


tThere may be some doubt as to the applicability of the collision integral (60.12) for scattering by 2 
short-range potential, which of course occurs with angles of the order of unity. It is easy to see. 
however. that in this problem only the change in position of the orbit centre, AR, ~ rp., need be smail in 
comparison with the characteristic distances over which the electron density varies; this corresponds to 
the condition for the equation of transverse diffusion to be applicable (cf. the end of §59). 


CHAPTER VI 


INSTABILITY THEORY 


$61. Beam instability 


ACCORDING to the results of §34, the amphiude of a perturbation wi.h wave vector 
k in a homogeneous unbounded medium has the asymptotic form (a, t > «) 


e “bof (6 l. 1) 


where w(k) is the frequency of waves propagating in the medium. In particular, for 
longitudinal waves in a plasma the frequencies w(k) are the roots of the equationt 


€(w, k) = 0. (61.2) 


The frequencies w(k) are in general complex. If the imaginary part imw = ~y< 
0, the perturbation is damped in the course of time. If, however, y <0 in some 
range of k, such perturbations grow: the medium is unstable with respect to 
oscillations in that range of wavelengths, and |+| is then called the instability growth 
rate. We should emphasize immediately that, in referring to an “unlimited” in- 
crease of the perturbation, as exp(|y|t), we are considering here and subsequently 
only the behaviour in the linear approximation. In reality, of course, the increase is 
limited by non-linear effects. 

In a collisionless plasma, the imaginary part of the frequency is due to Landau 
damping. The thermodynamic equilibrium state of the plasma, corresponding to the 
absolute maximum of the entropy, is stable with regard to any perturbation. 
However, it has already been noted in § 30 that, for non-equilibrium distributions in 
plasmas, the absorption of energy of the oscillations may be replaced by am- 
plification. This is shown by the appearance of a range of values of the independent 
variables k and w (w>Q) in which the imaginary part of the permittivity is 
negative: e7j(w, k)< 0. It must be emphasized, however, that the existence of such 
ranges does not in itself necessarily signify that the plasma is unstable (at least in 
the linear approximation); some branch of the plasma oscillation spectrum must 
also actually fall in this range. 

A typical instance of instability is afforded by a directed beam of electrons 
passing through a plasma at rest (A. I. Akhiezer and Ya. B. Fainberg 1949, D. 
Bohm and E. P. Gross 1949). The beam is assumed to be electrically compensated: 


+For an anisotropic plasma, this dispersion relation refers to quasi-tongitudinal “slow” waves (see 


32). 
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the sum of the electron charge densities in the plasma and the beam is equal to the 
ion charge density in the plasma. The system is homogeneous and unbounded, i.e. 
both the beam and the plasma extend throughout space, and the directed velocity V 
of the beam is everywhere the same. We shall assume that V is non-relativistic. 

Let us first suppose that both the beam and the plasma are cold, i.e. that the 
thermal motion of their particles is negligible. The necessary condition for this will 
be ascertained later. 

In the electron oscillation frequency range, the longitudinal permittivity of the 
plasma-beam system has the form 


02 ,? 
€(a, k)—- l= oF Woke 


(61.3) 
The first term on the right corresponds to the plasma at rest; 2, = (4ae’N,Jm)'” is 
the corresponding electron plasma frequency. The second term is due to the beam 
electrons. In a frame of reference K’ moving with the beam, the contribution of the 
beam electrons to « —1 is —(Q,'/w'), where w’ is the oscillation frequency in that 
frame, and (),’ = (4ze’N,'/m)'” (N.' being the electron density in the beam). On 
return to the original frame K, the frequency w’ is replaced by 


w'=0-k-V, (61.4) 


and we have (6].3).f 
We shall assume the beam density to be small, in the sense that 


N.’<N,, (61.5) 


and so (,’<),. Then the presence of the beam changes only slightly the principal 
branch of the spectrum of longitudinal oscillations of the plasma, i.e. the root of the 
dispersion relation ¢;=0 for which w~Q,. As well as this branch, however, 
another branch appears, on account of the presence of the beam, which we have 
now to consider. 

In order that the term with the small numerator 0,” should not disappear from 
the dis»ersion relation 


= 1, (61.6) 


this smallness must be compensated by that of the denominator. We therefore seek 
the solution in the form w = k- V+ 5, where & is small. The equation then becomes 


02" Oe? 
ke vy sb ae 


tThe law of transformation for the frequency is easily found by wansforming the phase factor of the 
wave. The position vector of a point in the frame K’' is r' = r— Vt. Hence 


k-r~wt =k-r’-—(w —k- Vit =k+r'— ot. 
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whence 
ae ee 
= = Qik WP eee 


the condition §6<k-V requires that |k- V| should not be too close to ,. The 
assumption that the plasma is cold implies that kv, <w, and in the present case 
therefore that v7. < V: the speed of the beam is much greater than the thermal 
speed of the plasma electrons. 

If (k- VY >Q2, then both roots (61.8) are real, and the oscillations do not grow. 
If, however, 


(k . vy < OF, (6 1.9) 


the two values of 6 are imaginary, and the one for which imw=im 6 >0 cor- 
responds to growing oscillations. The system is thus unstable with respect to 
oscillations having sufficiently small values of k- V. 

A different situation occurs when the thermal motion of the electrons is taken 
into account. In the general case, we have in place of (61.3) 


€,(w, k) = €f (a, k) — OF /(w —k: VY, (61.10) 


where ‘€{" pertains to the plasma in the absence of the beam. Solving the equation 
e, = 0 by the same method, we now find 


§= +O, "Mek: V, ky”. (61.11) 


Because of the Landau damping, e{ always has an imaginary part (for any k). 
Consequently, & is always complex, and by virtue of the double sign in (61.11) 
im 6 >0 for one branch of the oscillations, i.e. these are unstable. For large V, 
corresponding to the cold-plasma case discussed above, the part of im e; due to the 
Landau damping becomes exponentially small, and we return to (61.8). 

In the above analysis, the thermal spread of electron speeds in the beam has 
been neglected. This is justifiable if the amount of it 


Die <[5|/k. (61.12) 


PROBLEMS 


PROBLFM I, Determine the boundary of the beam instability region in a cold plasma for values of 
k: V close to De. 

SOLUTION. For small values of (k « ¥)’ ~ Q2. (61.7) is insufficiently accurate. Retaining the term of the 
next order in 6 in the equation & = 0, with e from (61.3), we obtain 


0? fe 4, 26 _ Ak V~ Ne) , 28 
eke Vy (k- VP % 2 


With new variables & and 7 defined by 


6 = €GN20.)", 7 = 2/070.) V—- 2), 
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we reduce this equation to 
&+ce=t (1) 


(taking the particular case where k« V is close to +9. not to — 1-). All three roots of equation (1) are 
real if r > 3.2 *", and this determines the instability region. Two of them correspond to the two roots of 
(61.6), and the other corresponds to the oscillation frequency of the plasma at rest. which is close to 
them if O. =k: V. 

PROBLEM 2. Investigate the stability of ion-sound waves in a two-lemiperature plasma (T. > T,) in 
which the electron component moves relative to the ion component with a macroscopic velocity V, and 
V <vr,. 

Sol OTION, With the condition V <vr, the directed motion of the electrons has litle effect on the 
dispersion relation for the ton-sound waves, which is again given by (33.4): 


w = ()" I 02) 
cM) (+R a” . 


Lhe electronic purt of the damping rate is found from (33,6) by the change (61-4): 
y =(k*V —w)(7zm/8M)'* (3) 


The instability condiuon is k*V > for this to be so, we must always have V — @/k. Near the 
instability limit, lhe fuctor k + V -w in (3) is small, and it may then be necessary to take account in y of 
the ionic part of the dumping, which in ordinary conuitions is small. 


$62. Absolute and convective instabilitics 


If the dispersion relation has roots in the upper half-plane of w, a small initial 
perturbation in the form of a plane wave will grow, i.e. the system is unstable with 
respect to such a perturbation. In reality, however, any initial perturbation is a 
wave packet of finite extent in space, and the plane waves are only its separate 
Fourier components. In the course of time, the packet spreads out, and its 
amplitude (in an unstable system) increases. Simultaneously it moves in space, like 
any wave packet. Here there are two possibilities. 

In one case, regardless of the movement of the packet, the perturbation increases 
without limit at every point in space. This is called absolute instability. In the other 
case, the packet moves so quickly that the perturbation tends to zero as t> © at 
any fixed point; this is convective instability. 

We must emphasize immediately that this difference is a relative one, in the 
sense that the nature of the instability has to be defined in relation to a particular 
frame of reference, and may be different in different frames: an instability con- 
vective in One frame becomes absolute in a frame moving with the wave packet, 
and an absolute instability becomes convective in a frame that moves sufficiently 
rapidly away from the packet. 

This, however, does not mean that the difference between the two types of 
instability has no physical significance. In actual problems, there is always an 
experimentally preferred frame of reference relative to which the instability is to 
be considered. The permissibility of regarding a physical system as infinite in 
extent does not exclude the fact that it really has boundaries such as walls, which 
constitute a laboratory frame of reference. Moreover, the actual boundedness of 
the system may have the result that in convective instability the perturbation is 


unable to develop before the packet is carried out of the system (tor example, by 
the flow of liquid in a pipe). 

The theory below, which leads to criteria distinguishing the two types of 
instability, is a very general one.t The system may be any that is homogeneous and 
infinite in at least one (the x) direction. We shall therefore not specify here the 
nature of the medium and the perturbation in it, denoting the latter by some w(t, r) 
and considering only the case of a one-dimensional packet. For a three-dimensional 
system, this means that the perturbations considered have the form 


W(t, r) = y(t, xe lh? 


with given k, and h.. 

Let us express f(t, x) as a one-sided Fourier expansion with respect to the time 
from t = 0 (the instant when the perturbation arises) to t = ~. The components will 
be denoted by ¢y(w, x): 


¢(w, x) = I : W(t, xe" dt. (62.1) 


We shall have to consider perturbations which increase as t > «. We shall assume, 

what is in fact true, that this increase is not more rapid than an exponential 

exp(got). Then the integral (62.1) can be made to converge by regarding w as a 

complex quantity with im w = o > ap. In this region, e(w, x) has no singularity as a 

function of.the complex variable w. In the region im w < ao, however, ¢(w, x) iS to 

be treated as an analytical continuation, and here it has singularities, of course. 
The inverse expression for y(t, x) in terms of its Fourier transform is 


+g 


Wt, x) = ie et p(a, S2, (62.2) 


with o > dp, so that the contour of integration (which we shall call the w-contour) 
passes above all singularities of g(w, x) in the upper half-plane of w. 

The function o(w, x) in turn can be expanded as a Fourier integral with respect 
to the coordinate x: 


p(w, *) = me We ue (2.3) 


for brevity, the suffix in k, is omitted. 
The function w‘) is obtained in each specific case by solving the linearized 
“equations of motion” of the system concerned: 


ur az LurlA(o, k), (62.4) 


tSuch a criterion was first established by P. A. Sturrock (1958). The formulation given below is due fo 
R. J. Briggs (1964), whose analysis we shall largely follow in §§62-64. 
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where 2.x is determined by the initial perturbation, and A(w, k) ts a characteristic of 
the system itself. For example, in a plasma the “equation of motion” is the 
transport equation, A(w, k) is the longitudinal permittivity of the plasma, and g,4 is 
expressed in terms of the Fourier component of the initial perturbation by (34.12). 

We shall assume that g,, as a function of the complex variables w and k has no 
singularity for finite values of these variables, i.e. is an entire function of them.t 
Then all the singularities of YS?) are singularities of the factor I/A(w,k). The 
equation 


A(a, k) = 0 (62.5) 


is the dispersion relation of the system. Its roots w(k) give the frequencies of 
oscillations with specified (real) values of the wave number k. As we have Seen in 
$34, it is these frequencies which determine the asymptotic (as t > ©) law of time 
variation of the Fourier component of a perturbation with a specified value of k: 


Un(t) “ ew = ee Wt e"dot 


On this basis, the determination of the asymptotic law of variation of the pertur- 
bation at a given point in space would require the investigation of the integral 


W(t, x) a | ommet dk. (62.6) 


In the presence of instability, when w"(k) >0 for some range of values of k, one 
factor in the integrand increases without limit as fo, and the other oscillates 
indefinitcly rapidly. These opposite tendencies make it difficult to estimate the 
integral. 

Instead, let us return to the form (62.2) for W(t, x), before the integration with 
respect to w is carried out. We move the w-contour downwards until it ‘“‘catches’”’ 
on the first (the highest, i.e. with the largest w”) singularity of g(@, x); let this point 
be at w= a, (it will become clear that w, is independent of x). Evidently, the 
asymptotic value of the integral is determined by the neighbourhood of that point, 
so that 


W(t, x) « et = exp(— iw,'t + w,"t). (62.7) 


If w,.">0, the perturbation increases at any fixed point x, i.e. the instability is 
absolute, but if w.”<0 the perturbation tends to zero at a fixed point, i.e. the 
instability is convective. Thus the required criterion involves simply a deter- 
mination of «,. 

The function g(a, x) is given by the integral (62.3) with &&? from (62.4): 


_ Sok ix AK 
ow x= | aati et F (62.8) 


tFor this to be so, it is always necessary that the initial wave packet should diminish in space 
sufficiently rapidly (faster than exp(— a|x|)). 


§62 Absolute and Convective Instabilities 271 


Since g.x is assumed to be an entire function of k, the singularities of the integrand 
as a function of the complex variable k are at the singularities of 1/A(w, k); these 
are usually poles, the roots k(w) of (62.5). 

For some value of w, a point on the w-contour, with a sufficiently large positive 
imaginary part w” =, let the singularities lie in the k-plane as shown in Fig. 22: 
some in the upper and some in the lower half-plane. The contour of integration 
with respect to k in (62.8), which we call the k-contour, lies along the real axis. We 
now modify w by gradually reducing w”. The singularities move in the k-plane and may 
reach the real axis for some w.t These values of w are not singularities of the 
function (a, k): there is no objection to moving the k-contour in such a way as to 
remove it from the neighbourhood of singularities that have crossed the real axis, 
as shown In Fig. 22b. A singularity of the integral occurs, however, if two moving 
singularities come close together and pinch the contour of integration between 
them, thereby eliminating the possibility of removing this contour from their 
neighbourhood (Fig. 22c). 

Thus the value of w which determines the nature of the stability is chosen from 
among those such that two roots k(w) of the dispersion relation fall together. Only 
cases such that the two roots approach from opposite sides of the k-contour are to 
be considered; that is, as w”>0 these roots must lie on opposite sides of the real 
axis. Note, incidentally, that the values of w, must be independent of x, since they 
are determined solely by the properties of the function 1/A(w, k). 

When two simple roots of the equation coincide, a double root is formed, near 
which the dispersion relation is 


A(w, k) ~ (w ~ wo, (A Al dw), + (k — k, (7A dk’), = 0, (62.9) 


so that k-—k, « +(w—,)'™.4 At the point w =w,, the function w(k) satisfies the 


(a) (b) {c) 


Fic. 22, 


tFor an unstable system, the singularity must reach the real axis of k while w" >0, at least for some 
range of values of w’, since there are certainly roots of A(w, k) = 0 such that w” >0 for real k. 

#In some Cases there may be a Coincidence of a still larger number of roots, forming a multiple root of 
higher order. Such cases, however, Can in general occur only for particular values of the parameters of 
the system, since they impose additional restrictions on the points «,, k-. in the expansion of A(w, k), 
other coefficients besides (dA/dk), must be zero. 
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condition 
dw/dk = 0, (62.10) 


i.e. w, 1S a Saddle point of the analytic function w(k). 
The integral (62.8) taken over the neighbourhood of the point k = k, 1s 


ik.x 


p(w, x) Vea (62.11) 


the function g(w, x) thus has a square-root pole at w = w,. The integral (62.2), taken 
now over the neighbourhood of the point w = w,, as a function of t and x, has the 
form 


W(t, x) & a e Med he, (62.12) 


since this asymptotic expression has been derived for ! > © and fixed x, it is valid 
only if [kx] <Ject]. 

Although the coalescence of roots of the dispersion relation is the principal 
source of singularities of g(w,x) (and usually determines the nature of the 
instability), another type of singularity may be mentioned, which occurs at a 
frequency for which the root |k| > ©.t The imaginary part of such a frequency o,, 
however, 1S in practice always negative and therefore certainly cannot cause 
absolute instability (if w,.” were positive, the system under consideration would be 
unstable with respect to oscillations of infinitesimal wavelength). We shall meet 
such a case later; see (63.10). 

As has already been emphasized, an instability convective in one frame of 
reference (the laboratory frame) may be absolute in another frame. Let us seek the 
speed V of the frame in which the instability is absolute and has the greatest 
growth rate. 

The change from the laboratory frame to one moving with speed V is made by 
changing w to w — kV in all formulae. As we have seen, the value w, corresponds 
to the instant when, as w” decreases on the w-contour, two poles of the function 
1/A(w, k) in the k-plane coalesce, and these poles must approach from opposite 
sides of the real axis, so that one of them must first cross that axis. Let @sax 
denote the maximum value of w” (independent of V) for real k. Since w,"(k, V) is 
certainly less than the value of w” at which the pole crossed the real axis, we have 
we'(k, V) = winx for all V. This means that the highest value of w,” is reached if the 
poles coalesce on the real axis at the maximum of w(k). Replacing w(k) by 
w(k)—kV in (62.10), and separating the real and imaginary parts of the equation 


tSuch a root causes an essenlial singularity of (w,x). For example, if [k| according to 
k "= (C(w —w,), the contribulion from the neighbourhood of the singularily to the integral (62.8) is 


ix 
p(w, xX) & erp coat 
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(for real k), we find two equations: 


dw"|dk = 0, (62.13) 
V = dw'/dk. (62.14) 


Thus the greatest growth rate of the instability is given by the maximum value of 
w"(k) as a function of real k. The speed of the frame of reference in which such an 
instability occurs is determined by the corresponding value of dw'’/dk. This value of 
V may naturally be taken to define the group velocity of the wave packet in a 
convectively unstable medium. 


$63. Amplification and non-transparency 


So far, we have considered instability problems as regards the development with 
time of a perturbation specified in space at some initial instant. The Fourier 
expansion of such a perturbation includes components with real values of the wave 
veetors k, and their time dependence is governed by the frequencies (w(k), the 
complex roots of the dispersion relation. 

There is, however, another possible formulation of the instability proble 1, in 
which we consider a perturbation set up with a specified time variation in some 
region of space. The Fourier expansion of such a perturbation contains com- 
ponents with real frequencies w, and their propagation in space is governed by the 
wave numbers k(w) found by solving the dispersion relation, this time for k; 
correspondingly, the wave numbers, not the frequencies, are complex. (As in §62, 
we are considering a one-dimensional problem, and therefore write k = k, in place 
of the vector k.) 

The fact that the wave numbers are complex may have various meanings. In 
some cases it may simply mean that the relevant waves cannot propagate in the 
medium (non-transparency): in other cases it may signify amplification of the 
waves by the medium as they propagate from the source. We must emphasize at 
once that the sign of imk certainly cannot be the criterion for distinguishing 
between these two possibilities: the waves can propagate in the positive and the 
negative x-direction, and a change in the direction of propagation is equivalent to a 
change in the sign of k. 

It is physically obvious that only an unstable medium can amplify. Hcac., for 
example, it is clear immediately that there is non-transparency for transverse 
electromagnetic waves in a plasma with dispersion relation w? = 02 + c?k? (see §32, 
Problem 1) at frequencies w <2, for which k(w) is imaginary: the function w(k) 
given by this equation is real for all real k, so that the system is certainly stable. 

For an exact formulation of the problem let us consider a point source as regards 
the coordinate x, called a signal, which starts at t=0 and thereafter creates a 
monochromatic perturbation (with some frequency wo), called the response of 
the system to the signal. The source strength is then 


g(t, x)=0 for cal (63.1) 


= constant x &(x)e"" for t>0. 
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We Shall not specify the physical nature of the perturbation yw, nor therefore that 
of the source strength g. The only important point is that the wk-components of the 
perturbation are determined from the source by 


Wook = Zl A(w, k). (63.2) 

This expression is derived from the inhomogeneous linearized ‘‘equation of 

motion” of the system, in which g(t, x) acts as the “right-hand side”, just as (62.4) 

was the solution of the homogeneous equation with the initial condition specified 
by the function g(0, x). The source (63.1) ist 

£4 = constant/i(w — wo). (63.3) 


fhe function y(t, x) is then found from the inversion formula 


o+ig eit dw 
v(t, x) = constant X ae P(w, x) 1G=a) le (63.4) 
oo ei 3 
®(w, x)= [. ne Ge (63.5) 


This expression necessarily satisfies the equation #(t, x) = 0 for t <0 in accordance 
with the conditions of the problem: the perturbation occurs only after the source 
comes in atr=0. 

The problem is now to find the asymptotic expression for W(t, x) far from the 
source {|x| ~) in steady conditions, i.e. at a long time after the source begins to 
operate (1). If the perturbation then tends to zero as x > +”, we have 
non-transparency: if it increases in one or other direction from the source, there is 
amplification. In either case, we can evidently speak of only a convectively 
unstable (or a stable) system. With absolute instability, the perturbation increases 
without limit in the course of time at every point in space, so that no steady 
conditions can possibly be reached. 

To find the required asymptotic form, we note first of all that the asymptotic limit 
t+» must be taken before |x]: since the perturbation cannot propagate to 
infinity in a finite time, ys > 0 as |x| & for finite t. 

As in §62, we move the contour of integration with respect to w in (63.4) 
downwards in order to get the asymptotic expression as t—> ©. The analytical 
properties of @(w, x) are similar to those of ~(w, x) in §62. Since the system is 
assumed only convectively unstable, ®(w,x) has no singularity in the upper 
half-plane of w, and the highest singularity of the integrand in (63.4) is the pole 
w = wo on the real axis. Hence the asymptotic form as t > © is 


w(t, x) % ec“ D(wo, x). (63.6) 


tIn calculating g.4, it must be remembered that the integration in the inverse Iransformation formula is 
taken along a Contour with im w > 0: hence e“™' >0 as [> &, 
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To find the asymptotic form of P(wo, x) as |x] >, we must now move the path 
of integration with respect to k upwards for x > 0 or downwards for x <0, until it 
catches on the pole of the integrand in (63.5), i.e. the root of the equation 
A(@o, k) = 0. 

Let k.(w) and k_(w) denote the poles which as imw > © are respectively in the 
upper and lower half-planes of k. As im w decreases, the poles move, and for a real 
w =@, they may either remain in their original half-plane or enter the other 
half-plane. In the first case, the contour of integration in ®(wo, x) remains on the 
real axis as in Fig. 22a; in the second case, it is deformed as shown in Fig. 22b, so 
as to embrace the poles ki(wo) and k_(wo) (points A and C) that have “escaped”’ 
into the other half-plane. In either case, when the contour is moved up or down, it 
catches on the poles k, and k. respectively. The asymptotic form of (t,x) as 
x — + is determined by the contribution from the lowest pole k,(wo); that as 
x — — is determined by the highest pole k_(wo). The pole concerned is thus the 
closest to the real axis (if all poles of a given class are still in their original 
half-planes), or the farthest from the real axis among those which have moved into 
the other half-plane. With these values of k, and k-, we have 

W(t, x) & expf{ik,(wo)x —iwot} for x a (63.7) 


exp{ik_(ao)x — i@ot } for x <0. 


For a stable system, all poles remain in their original half-planes when w = a, 
since the absence of oscillation branches with im w(k)>0 (for real kK) means that a 
pole k(w) can cross the real axis only with im w <0. Hence, in (63.7), 


im k,(wo) > 0, im k_(wo) <9, 


so that the waves are damped in both directions from the source. 

In the case of convective instability, the poles k(w) reach the real axis with 
im w >Q. There are therefore certainly poles k, or kK_ which have entered the other 
half-plane for w = wo, i.e. which have im k,(wo) < 0 or im k_(wo) > 0. The presence 
of such a pole k,(w») or kK (we) amplifies the wave to the right or left of the source 
respectively. 

From the preceding arguments, we arrive at the following criterion for dis- 
tinguishing cases of non-transparency and amplification for waves from a source 
with frequency wo in a convectively unstable system: a wave with complex k(w) 
and real wo is amplified if im k(w) changes sign when imw varies from +~ to 0 
with a given re w = wo; if im k(w) does not change sign, there is non-transparency. 

The criterion has its origin in the requirements of causality. When the source 
eomes into action instantaneously, the perturbation must always decrease as 
x ++, simply because it cannot propagate to an infinite distance in a finite time. On 
the other hand, this ‘infinitely rapid” onset of the source can take place as e~™ with 
imw—>+~, It is therefore clear that waves that are amplified (for real w) in one or 
other direction from the source must be damped in that direction when im w ><. and 
this leads to the criterion formulated above. 

The results obtained have a further facet which allows us to determine the 
direction of wave propagation in a medium with absorption or amplification. In a 
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transparent medium (i.e. when w and kK are real), the physical direction of 
propagation is that of the group velocity vector. In particular, in the one-dimen- 
sional case a wave with a positive or negative derivative dw/dk moves in the 
positive or negative x-direction respectively. In a medium with absorption or 
amplification, however, we can say that waves of the k, and k_ groups propagate in 
the positive and negative directions respectively. For real w and k, this general 
formulation is the same as the previous one: small changes in w and k are related 
by 


_ 6H 
a dw/ dk’ 


from which we see that, if w acquires an imaginary part im w > 0. k moves into the 
upper or lower half-plane according as dw/dk >0 or <0. 

As a simple example of the application of the criteria derived in §$ 62 and 63, let 
us consider the instability of a cold electron beam in a cold plasma, discussed in 
§61. The dispersion relation for this system is 


=]; (63.8) 


see (61.6) (for waves propagating in the direction of the beam, k- V=kV). The 
roots k(w) of this equation have, as |w| > ~, the formt 


k=(09t+0, VV. (63.9) 


When im w > ©, the two roots are in the same (upper) half-plane, i.e. both are in 
the k,(w) class. In their movement, therefore, they cannot pinch the k-contour as im » 
decreases, so that the instability is convective. The asymptotic behaviour of a 
perturbation created at the initial instant is governed by the frequency w = Q,, near 
which the roots of equation (63.8) tend to infinity according to 


k?= 0,07 /2V7(w —2,). (63.10) 


Thus, as t > ©, only undamped plasma waves remain from the perturbation. 

For real values of w <©,, equation (63.8) has two complex-conjugate roots k(w). 
The one for which im k(w)<0 has moved from the upper to the lower half-plane. 
Thus, when waves are propagated from a source with frequency wyo<,, they are 
amplified in the direction of x > 0, i.e. “down” the beam. 


864. Instability with weak coupling of the two branches 
of the oscillation spectrum 


Let us apply the general method developed in §§62 and 63 to investigate the 
instability which results from the “interaction” of oscillations with neighbouring 


tNote that (63.9) is the same as the dispersion relation for lhe beam itself in the absence of the plasma 
al rest, 
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values of w and k and belonging to different branches of the oscillation spectrum of 
a non-dissipative system (here denoting one in which both true dissipation and 
Landau damping are absent). 

If the two branches w = w,(k) and w = w(k) were completely independent, the 
dispersion relation would separate into two factors: 


[w — w(k)][w — w2(k)} = 0. (64.1) 


Near a point of intersection of such branches, the functions wi({k) and w2(k) would 
have the general form 


w(k) = wo t v,(k — Ko), 


(64.2) 
wk) = wo + vk — ko). 


where v, and v2 are some constants, wo and ko the (real) values of w and k at the 
point of intersection. 

Such a case is, however, not realistic in general. The coupling between the two 
branches could be completely absent for (at best) some specific values of the 
system parameters, and would appear when these were very slightly changed.f To 
represent an actual situation, therefore, it would be necessary to take into account 
the presence of a weak coupling between branches. This has the effect of sub- 
stituting a small quantity € for zero on the right of (64.1). The dispersion relation 
near the point then becomes 


[w — wo — v,(k — Ko) Iw — wo — v(k — ko)] = €. (64.3) 


The solution for w is 


co(k) — wo = (v1 + v)(k — ko) £ [(k — ko)*(v1 — v2)? + 4€7]""}, (64.4) 


and the solution for k is 


k(w)— ko = — {(v, + v2)(w — wo) + [(w — wo)(01 — v2)? + 4eviez]""}. (64.5) 


102 


The existence of coupling between the branches shifts their point of intersection 
into the complex region. The functions w(k) for real @ and k vary in form 
according to the sign of the constant € and the relative signs of the constants v, and 


*An exception is the case where the interaction is absent for reasons of symmetry, for example, if one 
branch relates to longitudinal waves and the other to transverse waves in an isotropic medium. Since in such 
a medium the Jongitudinal current cannot induce a transverse field and vice versa, such waves do not 
interact. The situation here is analogous to what is found in quantum mechanics for the interaction of terms 
with different symmetry; see QM, §79. 
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(C) (D) 


Fic, 23. 


v2. These functions are shown in Fig. 23 for four cases: 


(A) €>0, t,v2>0, 
(B) e€>90, v, v2<0, 
(C) € <0, v,v.>0, 
(D) € <0, v,v,< 0, 


(64.6) 


which we shall consider in turn. 

(A) Here the functions w(k) are real for all (real) k, and the system is therefore 
stable. The functions k(w) are also real for all w, so that the waves propagate 
without amplification for all w. 

(B) The functions w(k) are real for all k, and the system is therefore stable. The 
functions k(w) are complex in the frequency range 


(w — wo)’ < 4lev,v2|/(v; — 02)’. (64.7) 


Since the system is stable, there is non-transparency in this range. 
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(C) When 
(k — ko)’ < 4fe|/(v1 — v2)? (64.8) 


the functions w(k) are complex, and for one of them im w(k)>0, i.e. there is 
instability, and it is convective instability, since when |w|>© the roots k(w) are 


k~olv,, k~olv2, (64.9) 


and when im w > they lie in the same half-plane of k. Let v, and v,>0. Then this 
is the upper half-plane, and the roots belong to the k,(w) class. For real w, in the 
range (64.7), the roots k(w) form a complex conjugate pair. The one for which 
im k(w)<0 has moved from the upper to the lower half-plane. In the frequency 
range (64.7), therefore, there is amplification of waves propagating in the positive 
x-direction. 

It is also easy to find for this case the “group velocity” of the waves, defined by 
(62.14), i.e. the speed of the frame of reference in which there is absolute instability 
with the maximum growth rate. Differentiating (64.3) with respect to k and 
substituting dw/dk = V in accordance with (62.13) and (62.14), we obtain 


Vo, _ _ @— wo- 0i(k — ko) 
V-v, W — Wo v2(k — ko) 


(64.10) 


Since the left-hand side is real, the right-hand side must be so, even if w is complex. 
This condition shows that k = ky; then from (64.10) 


V = 4(v, + v9). (64.11) 
and from (64.3) the corresponding maximum growth rate is 
(im @)nax = le]. (64.12) 


(D) The functions k(w) are real for all (real) w, but the w(k) are complex in the 
range (64.8), so that the system is unstable. To determine the nature of this 
instability, we note that from (64.9) (with opposite signs of v, and v2), as im w > &, 
the roots k(w) are in opposite half-planes. These two roots coalesce at a point in 
the upper half-plane of w given by 


W = We = wot 2iV(v,02€)/|v1 — v2]. (64.13) 


The instability is therefore absolute, with growth rate ima,. For v,= — v2, cor- 
responding to the perturbation in a frame of reference moving with the speed 
(64.11), the growth rate reaches its maximum value (64.12). 


PROBLEM 


Determine the nature of the instability of low-frequency (w ~ wa) “slow” (afk <c) transverse 
electromagnetic waves propagating along a constant magnetic field in a cold magnetoactive plasma, with 
a low-density cold electron beam moving through the plasma in the same direction. 
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SoLurion. To establish the dispersion relation, we first write it for the beam electrons only, in a 
frame of reference for which the beam is at rest. According to (56.9), we have in this frame 


Re -w? = — OP oflw + wre), 


where ©,’ is the plasma frequency corresponding to the beam density. On returning to the Jaboratory 
frame, in which the beam moves wilh velocity Vv (which we take to be in the x-direction), we must 
replace w by w — kV on the right of the equation, the difference k*c*— w” is invariant with respect to a 
change in the frame of reference. Now adding, in the laboratory frame. the terms due to the plasma 
electrons and tons, we obtain 


ae ONw~kV) wo wh? 


Neglecling here (in accordance with the conditions of the problem) w in comparison with ck and wre, 
and noting also that Q//wze = 07 /wp, we bring the dispersion relation to the form 


[k?c? - OF w "Jona, Fo) \(@ — kV + wre) 
= -0!(a—kV) (1) 


The first factor On Ihe left corresponds to the “principal” oscillation branch, and the second to the beam 
branch; the nght-hand side describes the “interaction” of these branches. 

With the upper signs in (1), the dispersion relations for the two independent branches are shown by 
the conlinuous Curves in Fig. 24; itis, as always, sufficient to consider the branches with w > 0. Near the 
point wo, ky, where they intersect, the expansion of equation (1) is 


2koe*[k — kn— (w ~ wo) vi] — on~ Vk — ko) = OF ene 


with a positive Coefficient v1 (as is clear from the slope of the curves in Fig. 24). Comparison with (64.3) 
shows that we have case C, convective instability. The broken curves in Fig. 24 show the form of the 
branches when their interaction is taken into account, 

Similar diagrams for the lower signs in (1) are given in Fig. 25. Near the point of intersection, the 
dispersion relation ts 


2koc*[k — ko + (w — wo)! v:lfo — wo~ Vk — ko)] = — OF wee, 


where again vu: >0. We now have case D, absolute instability. The second intersection in this case is 
seen from the diagram to occur at w = wpe, Which contradicts the conditions of the problem. 


Fic. 24, 
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Fic, 25, 


§65. Instability in finite systems 


The whole of the theory in §§61-63 related to homogeneous media of unlimited 
extent in at least one direction (the x-axis). For applications to actual bounded 
systems, this means that effects due to the reflection of waves from the boundaries 
are neglected; that ts, such a theory is limited to times of the order of the time 
taken by the perturbation to propagate the length of the system. 

Let us now consider stability in the opposite situation where the finiteness of the 
system is important and the spectrum of tts characteristic oscillations is governed 
by the boundary conditions at the ends; as before, we shall investigate only the 
One-dimensional case, and the length of the system in the x-direction will be 
denoted by L. The frequency spectrum of a finite system is discrete, and if one or 
more of the characteristic frequencies has a positive imaginary part the system is 
unstable. The distinction between absolute and convective instability has no 
meaning in this case. 

Thus the problem of determining the stability or instability of a fimte system ts 
equivalent to that of finding its (complex) eigenfrequencies. The dispersion relation 
which gives these frequencies can be derived in a general form for a system with 
finite but sufficiently large dimensions L, such that im |k|. L> 1 (A. G. Kulikovskii, 
1966). 

Let k(w) be solutions of the dispersion relation for an infinite medium. We again 
divide the branches of this many-valued function into two groups, k,(w) and k-(w), 
as defined in §63. The characteristic oscillations of a finite system may be regarded 
as resulting from the superposition of travelling waves reflected by the two 
boundaries (in a medium without absorption and amplification, they would be 
ordinary stationary waves). The reflection is in general accompanied by a mutual 
transformation of waves belonging to different branches of the spectrum. The 
travelling wave of a given frequency ts therefore a superposition of all branches. 
Far from the boundaries, however, the main contribution to each wave comes from 
Only one term in the superposition. For example, in a wave propagating {rom ' 
left-hand boundary x =0 (Fig. 26) in the positive x-direction, the asympiouc 
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FIG. 26, 


expression far from that boundary is 


fb = a exptilk,(w)x — ot }}, (65.1) 


and k.(w) must be taken as the branch in this group for which im k,(w) has its 
algebraically least value for the given real w.t 

After reflection from the right-hand boundary x = L, the wave propagates to the 
left, and at sufficiently great distances from that boundary has the asymptotic form 


Wy = Roa exp{ik.(w)L} exp{i[k-(w)(x — L)— wt I}, (65.2) 
where k_(w) is the branch in this group for which im k_(w) has its algebraically 
greatest value. The coefficient R: depends on the wave transformation law at a 
particular boundary. 

Lastly, after a second reflection, this time at the left-hand boundary, we again 
have a wave propagating to the right: 
y= R,Roae'*+* IL pith x~ ot) (65.3) 
Since u(t, x) is One-valued, this must coincide with (65.1), so that 
RR? exp{i[k,(w) — k-(@)JL} = 1. (65.4) 
This determines the frequency spectrum for the finite system, i.e. is its dispersion 


relation. 
Taking the modulus of each side, we have 


|RiRo| exp{— im(k, —k.)L} = 1. (65.5) 
When L—~, the exponential factor tends to zero or infinity, depending on the sign 
+That is, the leasi positive value if all imk.(w) >0, and the greatest (in absolute magnilude) negative 


value if there are branches for which im k.(w)<0. In the first case, (65.1) is ihe wave least rapidly 
damped (with increasing x); in the second case, it is the one most rapidly amplified. 
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of im(k, — k-). Hence, for sufficiently long systems, equation (65.5) is possible only 
if 


im[k,(w) — k-(w)] = 0. (65.6) 


In this case, therefore, the dispersion relation reduces to a form depending only on 
the properties of the medium itself and independent of the specific conditions at the 
boundaries. Equation (65.6) defines a curve in the w-plane, on which the discrete 
eigenfrequencies lie very close together (for large L). If the curve lies even partly 
in the upper half-plane, the system is unstable. Since this instability is due to the 
properties of the system as a whole, it is called global instability. 

Some further comments may be made on the relation between global instability 
of a finite system and the instability of an infinite medium. First of all, it is easy to 
see that in the presence of global instability the infinite medium is certainly 
unstable, since there exist real values of k for which im w(k)>0. For, by the 
definition of k.(w) and k-(w), their values for im w > & lie in different half-planes 
of k. The condition (65.6) signifies that, as imw decreases, the points k.(w) and 
k_(w) may come into the same half-plane, and do so (in the case of global 
instability) while im w > 0. Consequently, at least one of these points crosses the 
real axis even earlier, i.e. certainly while im w > 0; this proves the above statement. 

The converse statement, however, is valid only for absolute (not convective) 
instability of the infinite medium: the presence of absolute instability is sufficient to 
cause global instability of the finite system. The condition for absolute instability is 
that there exists a branch point of k(w) with im w > 0, and the coalescing branches 
belong to the k, and k groups. At such a point, the condition (65.6) is certainly 
satisfied also. 

A convectively unstable medium may be either stable or unstable when boun- 
daries are present. 


CHAPTER VII 


INSULATORS 


§66. Interaction of phonons 


THE physical nature of transport processes such as thermal and electrical conduc- 
tion in gases consists in transfer by the thermal motion of the gas particles; in 
solids, the particles are replaced by quasi-particles. In going on to study these 
processes, we shall begin with thermal conduction in non-magnetic insulators. The 
relative simplicity of the physical picture here, as compared with transport proces- 
ses in solids of other kinds, arises from the presence of quasi-particles of only one 
sort, namely phonons. 

The concept of free phonons is the result of quantization of the vibrational 
motion of atoms in the crystal lattice in the harmonic approximation, i.e. with only 
the quadratic terms (in the displacements of the atoms) included in the Hamil 
tonian; see SP 1, §72. The various phonon interaction processes result when 
terms of higher orders of smallness are considered: the anharmonic terms of the 
third and subsequent orders in the displacements. 

The first anharmonic (the cubic) terms in the classical lattice energy are 


I $1528 
H® = 6 S AGS 3 (ni — Ms, N2— 3) Usa (n,) U,.g(n2) Uy (ny). (66. I) 


(ns) 


Here U,(n) are the atomic displacement vectors in the lattice; a, B, y are vector 
suffixes taking the values x, y, Z; S), S2, 5; number the atoms in the unit cell; n,, n>. n: 
are integral “vectors” giving the position of the cell in the lattice; (n, s) under the 
summation sign denotes summation over all n and s. Because the crystal is 
homogeneous, the functions A depend only on the relative positions nj; ~ n3, n2— n3 
of the cells, not on their absolute positions in the lattice. 

The second-quantized Hamiltonian is found by replacing the displacement vec- 
tors in (66.1) by the operators U,(n) expressed in terms of the creation and 
annihilation operators Cig, Cxg for phonons of type g (i.e. branch g of the phonon 
Spectrum) with quasi-momentum k: 


U,(n)=> [2M Nw, (k)T {ee (ke + ye *(k)e iT}, (66.2) 
gk 


tThe need to take account of the anharmonicity of atomic vibrations in the lattice in considering 
thermal conduclion in a crystal was first noted by P. Debye (1914) and M. Born (1914). 
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where .Y is the number of cells in the lattice, M the total mass of the atoms in the 
cell, e’(k) the phonon polarization vectors, and w,(k) the energy of phonons of 
type g.t The substitution gives rise to terms which contain the operators é€ and é* 
in sets of three. These terms represent processes involving three phonons: products 
of the form ¢*é’é for the decay of one phonon into two, and ¢*éé for the 
coalescence of two colliding phonons into one; terms C€é€é and é*é*é* would 
correspond to processes that are prohibited by the law of conservation of energy. 

Les us write down, for example, the terms corresponding to the decay of a 
phonon k,, g; into two phonons k2, g2 and k;, g3. Changing in (66.1) from summation 
over nj, Mm, my to summation over »,;=ni— 13, ¥2=M2— 3, m3, We can put these 
terms in the form 


C162’ 63° 


7) 7 _ _ . fl 
Hie = es RRP 2 exp{i(k, — k,— ks) - rp,}. (60.3) 
where 
1 = (2M)? DS) ABI (H, v2) eae Spety expf{i(ky . r,,— kz . r.,)}, (66.4) 


C1.= Chine @, = 0,(ki),  e = en (ki). a8 


The exponential factor is separated in (66.3) which depends on the absolute 
position n; of the cell in the lattice. Summation of this factor over all uj gives W if 
k, — k>— kK, is equal to any reciprocal lattice period b; otherwise, it is zero. Hence 


71) C1€2"C;° 
A vec Te OFM ovary (66.5) 


and the phonon quasi-momenta satisfy the conservation law 
k, = k2+ k; + b. (66.6) 


The condition (66.6) is to be regarded as an equation giving the value of, say, the 
quastmomentum k; from specified values of k, and k2. The latter have to be taken 
within some one chosen unit cell of the reciprocal lattice (including all the 
physically different values of the quasi-momentum), and we have to verify that k; is 
also in that cell. This last condition determines the necessary value of b in (66.6), 
and does so unambiguously. For, if with specified k,, k, and b the vector k; lies in 
the chosen cell, then any change in b will certainly bring k; outside that cell. 
Processes (in this case, phonon decay) for which the law of conservation of 
quasi-momentum involves a non-zero vector b are called Umklapp processes, in con- 
trast to normal processes, for which b= 0. Note that the difference between these 
two classes of processes is to some extent conventional: any particular process may be 
of either class, depending on the choice of the base cell. It is important, however, 


tIn this chapler, we use unils such thal h = 1. The dimensions of Ihe momenium and ithe wave vector 
are hen lhe same, and those of ihe energy and the frequency are ihe same. 


286 Insulators 


that no choice can make b zero simultaneously for all possible processes. It is 
convenient to choose the base cell of the reciprocal lattice so that the point k= 0 
(infinite wavelength) is at its centre; this will be assumed henceforward. With this 
choice, low values of the quasi-momentum (k <1/d, where d is the lattice constant) 
correspond to all low-frequency phonons, and all processes involving only low- 
frequency phonons are normal processes.+ Large values of the quasi-momentum 
(k ~ 1/d) correspond to short-wavelength phonons with high energy (of the order of 
the Debye temperature ©). 

Let us return to the phonon decay process. According to the general principles of 
quantum mechantcs (see QM (43.1)), the probability of a decay in which the 
quasi-momentum of one of the two newly formed phonons lies in the range d’k2 is 
given by the square of the corresponding matrix element of the perturbation 
operator (66.5): 


dW =2a|(N,—1, N2+ 1, N3+ 1] H®|Ni, No, Ns)|? x 
X 8(w — w2 — 03) V d’ky|(27)’, (66.7) 


where Ni = Nigeg» N2, N3 are the phonon occupation numbers in the inittal state of 
the crystal. The matrix elements of the phonon creation and annihilation operators 
are given by 


(N ~—1]é|N) =(Né*|N — 1) = VN, (66.8) 
We thus obtain the decay probability in the form 
dW = wN,(N2+ 1)(N3+ D8(w) — w2— &3) d?k2| (277), (66.9) 
where 
w = w(gok2, £3k3; 2ik)) = 270] O/7/w,w20s, (66.10) 


and v= 7T7N is the volume of the crystal lattice cell. The probability of the 
processes is therefore proportional to the number N, of initial phonons in the initial 
state of the crystal, and also to the numbers N2+ 1 and N3+ 1 of final phonons in 
the final state. The latter property is related to the Bose statistics obeyed by the 
phonons, and is true of all processes involving bosons. 

The process inverse to decay is the coalescence of two photons k2 and k; to form 
one phonon k,. We can easily show that the terms in the Hamiltonian that are 
responsible for this process differ from (66.5) in that the c-operators in the 
numerator are replaced by ¢)*€2¢3, and 0 by 0*. The probability of this process is 
therefore given by a formula which differs from (66.9) only as regards the 


tif, on the other hand, the base cell is chosen so that the point k=0 is at one of its vertices, for 
example, low frequencies will also correspond to the neighbourhoods of the other vertices, near which k 
is not small. 

¢The phonon distribution function Nx Or N(k) will be defined as the occupation numbers of quantum 
states with various values of the quasi-nomentum k. The number of states belonging to an element d‘k in 
k-space is d*ki(27)’, and so the distribution relative to d’k is Nx/(27)’. 
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N-factors: 


dW = wN2NAN, + 1)8(@ — 2 — w) a°*k,|(27ry. (66.11) 


The functions w here and in (66.9) are the same. in accordance with the general 
rule that in the Born approximation (the first approximation of perturbation theory) 
the probabilities of direct and reverse scattering events are equal; see QM, § 126. 

The branches of the phonon spectrum always include three acoustic branches, 
for which the energy tends to zero as k > 0; for long-wavelength (small k) acoustic 
phonons, the function w(k) is linear. The behaviour of the function w in (66.10) for 
such phonons will be important below. It can be determined by noting the property 
of the coefficients A in the Hamiltonian (66.1) which expresses the fact that a 
simple displacement of the crystal as a whole leaves its energy unchanged, whether 
or not the crystal is deformed. This means that the energy H® must be unaffected 
if any of the factors U,(n) in it is replaced by U, +a with a vector a that is 
independent of n and s. For this to be so, we must have 


> Aizg29(n1. ne, n3) = 0, (66.12) 


ny. Sy 


where the summation is over at least one pair of variables ni, s}. 

Of the three phonons involved in the process, either one or all three may be 
long-wavelength acoustic phonons: if there are two such phonons and a short- 
wavelength one, the moinentum and energy conservation laws cannot be satisfied. For 
an acoustic phonon in the limit k— 0, the polarization vectors e,(k) tend to a 
constant independent of s, since all the atoms in the cell vibrate in unison, and the 
factors exp(ik-r,) tend to unity. Because of the property (66.12), the quantity 0 
(66.4) therefore tends to zero, and for small k it is proportional to k or (the same 
thing for an acoustic phonon) to w. The result is 


w « ky (66.13) 
if there is one long-wavelength phonon, or 


wax k Kok, (66.14) 


if there are three. 

The results (66.13) and (66.14) can also be reached in a more obvious way by 
noting that the long-wavelength acoustic phonons correspond to macroscopic 
sound waves, which can be treated by macroscopic elasticity theory. Then the 
energy of the deformed crystal is expressed in terms of the strain tensor 


_1/aUe , Us 


where U(r) is the macroscopic displacement vector for points in the elastic 
medium. The components of this tensor are the small quantities used in the 
expansion of the elastic energy. In second quantization, the vector U is replaced by 


288 Insulators 


the operator U analogous to (66.2). The differentiation of U with respect to the 
coordinates to obtain the operators U,g gives the additional factor k which leads to 
the results (66.13) and (66.14). 


867. The transport equation for phonons in an insulator 


In a solid crystal, the phonons form a rarefied gas, and their transport equation 
is obtained in a similar way to that for an ordinary gas. 

Let N =N,(t,r,k) be the distribution function for phonons of type g. The 
transport equation for each type of phonon is written as 


an TU ap = CON), (67.1) 


where u = da/dk is the phonon velocity. 

An import .nt difference from the case of ordinary gases, however, is that in 
collisions in the phonon gas neither the number of phonons nor (because of 
Umklapp processes) their total quasi-momentum is in general conserved The only 
remaining conservation law is that of energy, expressed by 


> | wC(N)d?ki(2z)' = 0. (67.2) 


Multiplying (67.1) by w, integrating over d°’k, and summing over g, we obtain the 
law of conservation of energy in the form 


dE/ ot + div q = 0, (67.3) 


where the thermal energy density E of the crystal and the energy flux q are given 
by the obvious expressions 


E=> | wNd kia), q=>, | wuN dki(27y. (67.4) 
& g 


The collision integral in (67.1) must in principle include all processes that can 
occur as a result of the interaction of phonons of type g with all other phonons. In 
practice, however, the chief contribution to it comes from the three-phonon 
processes discussed in § 66. Processes involving a greater number of phonons arise 
from subsequent terms in the expansion of the Hamiltonian in powers of the 
displacements of the atoms: these terms decrease rapidly as their order increases. 
The reason for the decrease is that the ratio of the vibration amplitude € to the 
lattice constant d is small; in solid crystals, it remains small at all temperatures up 
to the melting-point.t For a rough estimate, we can begin from the classical relation 


tExcepi in the ““quanium crysial”, solid helium. 
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Mw’t? ~ T; estimating the characteristic frequency as w ~ u/d,t we find 
(dd) ~ T/Mu? < |}. (67.5) 


The collision integral is, as always, the difference between the numbers of proces- 
ses (per unit time) which create phonons in a given state g, k, and which remove 
phonons from that state. Taking account of three-phonon processes Only, we have 


I 
cwny= | {5 > wk: ky; k)5(w — w1 ~ w2) X 


RiR2 
x[(N + DNIN2— N(N, + I(N2 + 2] 
+ S w(k, Ki; k3)5(w,- w — w,) X 
R183 


x [(N + DN, + DNy— NNN; + ni} @kyl(2a)’, (67.6) 


where N, = N,,(Kj), 1 = w,,(ki), --- The first term in the braces corresponds to the 
direct and reverse processes 


(g, kK) (81, Ki) + (g2, k2), ko =k —k, — bz (67.7) 


the factor 3 in this term takes into account the fact that, because of the identity of 
the phonons, we have to sum only over half of the final states. The second teri in 
the braces corresponds to processes 


(g;, k3)=2(g,k) + (2:1,k), ky =k+k, +b; (67.8) 


the factor + is not needed in this term, since one of the two phonons formed by the 
decay is specified. In the integrand of (67.6), it should be noted, the triple products 
NNN; and NNN; cancel. 


The collision integral is identically zero for the equilibrium phonon distribution, 
the Planck distribution 


No= (e®7 — 1). (67.9) 


This is easily shown for the integral (67.6) by direct calculation: multiplication of 
the factors gives 


No(Noi + 1)(No2 +1)= (No + 1)NoiNoz exp[(@ + @2- wT), (67. 10) 


and by the law of conservation of energy the exponential factor on the right is 
equal to unity. 

If Umklapp processes were absent, not only the total energy but also the total 
quasi-momentum of the phonons would be zero. Then not only the distribution 


tIn ihe eslimales, we shall regard u as ihe speed of sound, alihough this is of course lilerally correci 
only for long-wavelength acouslic phonons. 
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function (67.9), but also the functions 


No= [exp 2=K-¥ 1] (67.11) 


corresponding to the translational motion (drift) of the phonon gas as a whole 
relative to the lattice with any velocity V, would be equilibrium functions. This 
result is in accordance with the general principles of statistical physics. It can also 
be proved directly: with the functions (67.11) as No, a further factor exp[V - (k— 
k, ~~ k.)/T] appears on the right of (67.10), and is equal to unity for non-Umklapp 
processes, where k= k, + kz. 

The distribution (67.11) leads, of course, to a non-zero energy flux q. Thus, in the 
absence of Umklapp processes, a heat flux could exist in the crystal although the 
temperature were constant throughout the body; that is, the crystal would have an 
infinite thermal conductivity. A finite conductivity arises only because Umklapp 
processes exist.7 

To calculate the thermal conductivity, we have to write the transport equation 
for a cryStal in which the temperature varies slowly through the volume. As usual, 
we seek the phonon distribution functions in the form 


N(r, k) = No(k) + 5N(r, k), (67.12) 


where SN is a Small correction to the equilibrium function. The transport equations 
are then 


(u. VT)aNol aT = I(5N), (67.13) 


where I(85N) is the linearized collision integral. 
The functions 5N must also satisfy the further condition 


: | w8N k(n) =0, (67.14) 


which signifies that the perturbed distribution functions give the same value of the 
lattice energy density as do the equilibrium functions. As already noted in §6, this 
condition essentially specifies the definition of the temperature in a non-equilibrium 
body. The other conditions imposed on 5N in §6 do not apply to a phonon gas, in 
contrast to an ordinary gas. The number of particles in the phonon gas is not a fixed 
quantity, but depends on the temperature. The total actual momentum (not quasi- 
momentum) of the phonons in the crystal is necessarily zero, since otherwise there 
would be a flow of the solid, which is certainly impossible for an ideal (defect-free) 
crystal lattice. Each atom in the lattice executes only a finite motion, the oscillation 
about the lattice site; the mean momentum of such a motion is identically zero. 


+The quanium theory of thermal conduciion in insulalors, based on the Iransporl equalion for 
phonons, is due 10 R. E. Peierls (1929), who also firsi drew allenlion to the role of Umklapp processes in 
lranspOrl processes in solids. 
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Thus the phonon flux (associated with the energy flux) in a solid crystal is not 
accompanied by a transfer of mass.T 

Let us write explicitly the linearized collision integral (67.6). Here, it is con- 
venient to use instead of 5N new unknown functions y defined by 


5N = —(dNoldw)x = No(Not DxIT. (67.15) 
The process of linearization is simplified by noting that 


N _ No x 


Tan LENG 


(67.16) 


The expression in square brackets in the first integral in (67.6), for example, may be 
written 


(N + DO + (Ne + | By aN oN ] 


Nit Notl N+ 


In the factors taken outside the brackets, we can put immediately N = No. The 
difference in the brackets gives 


1 _No ; 
T Not 1 Xt X2- x) 


where we have used the formula 


Nai Noz = No 
NotI Notl Nott 


The collision integral is thus brought to the form 


C(N) ~ I(x) = z| {5 » w(Ki, kz; k)No(Noi + 1)(No2 + 1) x 
X §(w, + w2—- w)(X1 + x2—- xX) 
+S w(k, ki; ks)NoNoi(Nos + 1) x 


81.82 


X 8(w + wo, — 03)(X3— XI- | @kyl(2r)’, (67.17) 


Note that y(k) appears in the integrands as simple sums of its values for various kK, 
as in the classical collision integral for gases (6.4), (6.5). 


tUnlike a liquid, where the phonon momenium is the actual momentum and the phonon flux does 
involve a transfer of mass, In a liquid, the atoms execute an infinite motion: ina sufficiently long time, 
any atom can reach any point in the volume 
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To a Solution of (67.13), we can always add the obvious solution of the homogeneous 
equation, 
x = constant X w, (67.18) 


which makes the integral (67.17) identically zero because of the conservation of 
energy in collisions. As already explained in §6, this “‘extra’’ solution corresponds 
simply to a small constant change in the temperature, and is excluded by the 
further condition (67.14). 

A second “extra’’ solution, 


xy =k. 8V, (67.19) 


with 6V a constant, corresponds to a small change in the velocity of the phonon gas 
as a whole (cf. (6.6)), and is excluded by the presence of Umklapp processes, which 
have the effect that the total phonon quasi-momentum is not conserved. 


§68. Thermal conduction in insulators. High temperatures 


Equation (67.13) allows us to determine immediately the temperature dependence 
of the thermal conductivity of an insulator at temperatures much greater than the 
Debye temperature © ~ u/d (or fiu/d in ordinary units). 

The maximum phonon energy in all branches of the spectrum is of the order of ©. 
Hence, when T > @, the energies of all phonons w < T, and for most of them w ~ ©. 
The equilibrium distribution function (67.9) then becomes 


No = T/w > 1. (68.1) 
In the collision integral (67.17), the temperature separates as a factor T*; the 
function w for frequencies w ~© does not affect the temperature dependence of 


the integral. On the left-hand side of (67.13), dNalaT ~ fw does not involve the 
temperature. Hence 


x « VIIT’?, 5N = —(dNoldw)y « VTIT, 
and so the heat fluxt 


q= > | wudN @ki2ay « VTIT. 


The thermal conductivity is thus inversely proportional to the temperature: 


kK <I/T, T>0; (68.2) 


+The obvious vanishing of q in equilibrium follows formally from the vanishing of the inlegral over 
d*k because the inlegrand is an odd function of kt the frequency w(k), and therefore No(w), are even 
funclions of k, and the velocily u = dw/ ak is an odd funclion. The funclion w(k) is even because of the 
symmeiry under lime reversal, whalever lhe symmelry of the cryslal lallice (see SP t, § 69). 
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in the classical theory, this result was obtained by Debye. In an anisotropic crystal, 
the directions of q and VT are in general not the same, and the conductivity is 
therefore a tensor of rank two, not a scalar; we shall not take account of this when 
considering its temperature dependence. 

Let us estimate the phonon mean free path in the temperature range concerned. 
According to the elementary relation (7.10) in the kinetic theory of gases, x ~ Ci. 
where C is the specific heat per unit volume, b the mean speed of the energy 
carriers, and | their mean free path. The specific heat of the crystal is constant at 
high temperatures, and so ts the speed of the phonons, which may be estimated as 
the speed of sound u. We then see that the mean free path | « 1/T. This would have 
to become of the order of the lattice constant d at temperatures so high that the 
vibration amplitudes of the atoms are also of the order of d. According to the 
estimate (67.5), such a temperature is ~ Mu’, and we have for the mean free path 
and the effective collision frequency v ~ u/i the estimates 


L~Mu’d/T, v~ T/Mud. (68.3) 


From this we see that | > d at almost all temperatures below the melting-puint. 

In this analysis, it has essentially been assumed that the three-phonon 
mechanism of thermal resistance in a crystal lattice is operative for all p:onons. 
The energy fluxes carried by the various groups of phonons are additive, and 
therefore so are their contributions to the thermal conductivity. If that mechanism 
were insufficient for even one group of phonons, it would be insufficient to provide 
a finite conductivity. The long-wavelength acoustic phonons need special con- 
sideration here. 

Let us first consider processes involving only such phonons with small quasi- 
momenta of comparable magnitude, denoted by f with the appropriate suffix. We 
shall estimate for these processes the collision integral (67.17) as regards its 
dependence on f. According to (66.14), in this case w « ffif. « f*. The factors 
No~ Tiw = If. The integration in k-space is over a volume ~f’, but the delta 
function separates within the volume a surface with area ~ f*. We thus find for the 
collision integral 


I(x) © fx & fA5N, 


where the last expression uses the fact that SN « x/f? by (67.15); the result can also 
be written in terms of the effective collision frequency as 


v(f) x f*. (68.4) 


On the left-hand side of the transport equation (67.13), the factor u is (for acoustic 
Phonons) independent of f, and 8No/dT « I/f. Hence 


SN « If. 


The contribution of the long-wavelength phonons to the energy flux q is given by 
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the integral (67.4) taken over a volume ~ f*. This integral, 
[ou BN @ flay = [ emo. (68.5) 


diverges as I/f for small f, however. Thus the three-phonon processes between 
only long-wavelength acoustic phonons would lead to an infinite thermal conduc- 
tivity; to arrive at a finite conductivity, collisions between these and short- 
wavelength phonons are necessary (I. Ya. Pomeranchuk 1941). 

*Let a short-wavelength phonon with quasi-momentum k decay into a long- 
wavelength acoustic phonon f and a short-wavelength phonon k — f— b belonging to 
the same branch of the spectrum w(k) as the phonon k; in the following analysis, 
the absolute value of k is less important than the fact that k>f. Since w(k) is 
periodic in the reciprocal lattice, we have w(k—f~—b)=a(k—f), and the law of 
conservation of energy states that 


w(k) = w(k —f)+ u(n)f. (68.6) 


The second term on the right, the acoustic phonon frequency, is a linear function of 
f; u(n) = w(f)/f is the phase velocity of sound, which depends on the direction 

= f/f. Fxpanding w(k — f) in powers of the small vector f, we can put this equation 
in the form 


f . dw/ak = fu(n). (68.7) 


It can be satisfied only if the speed of the short-wavelength phonon exceeds that of 
sound: 


|dw/ dk] > u(n). (68.8) 


In this sense, the most “dangerous” acoustic branch is that with the highest speed 
of sound, and this is the branch we shall have in mind when referring to acoustic 
phonons.t 

Other possibilities for three-phonon processes occur when there are 
points of degeneracy in k-space, where the energies of two or more branches of the 
phonon spectrum coincide (C. Herring 1954); the presence of such points (either 
isolated, or forming a line or plane) is in many cases a necessary consequence of 
the crystal lattice symmetry. The resulting possibilities are illustrated by a graphical 
construction which we shall first give for the case already discussed, that of emission 
by a “supersonic” short-wavelength phonon. 

For a given direction of f, we take that direction as the x-axis; in Fig. 27a, the 
continuous curve represents the function w(k,) (with given ky and k,) for short- 


tin an isolropic solid, one branch of the acouslic specirum corresponds lo longitudinal vibralions, and 
ihe olher Iwo 10 Iransverse ones; Ihe speed of Jongiudinal sound waves exceeds thal of Iransverse 
waves, In an anisolropic cryslal, the division of the waves inlo longiludinal and Iransverse has in general 
no meaning. However, in Ihe lileralure the branch wiih the highesi speed of sound is oflen arbilrarily 
called longitudinal. 
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ulk,) 


(c) 


FiG. 27. 
wavelength phonons. Writing the condition (68.7) in the form 
vy = dw] dk, = u(n,), 


we see that the emission of an acoustic phonon is possible if at some point the 
slope of the curve is equal to the speed of sound. The frequencies w(k) and w(k— f) 
of the short-wavelength phonons near this point are then given by the intersections 
of the curve with the broken line, whose slope is u(n,); the difference between the 
ordinates of these points gives the frequency fu. 
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If, however, the curves of two branches w(k,) intersect at a point k, = ko, a 
three-phonon process is always possible near that point, whatever the slopes of the 
curves, and whether or not k,o is a simple intersection (Fig. 27b) or a point of contact 
(Fig. 27c). The two short-wavelength phonons then belong to different branches of 
the spectrum. 

Let us now estimate the effective number of collisions of a long-wavelength 
acoustic phonon when there are points of degeneracy. These must be processes 
(67.8) of absorption and emission of the phonon: the decay of the phonon by the 
processes (67.7) would lead to two long-wavelength phonons, i.e. the case already 
discussed. We have therefore to estimate the second term in (67.17) with the 
assumption that 


w),03Pw % f +0. 
Here we use the facts that w xf, No= Hf, and the remaining factors in the 
integrand may be replaced by mean values independent of f, since the integration is 
taken only over the neighbourhood of the degeneracy points. Again using 5N x 


xlf*, we obtain an estimate of the dependence of the collision integral on f in the 
form I(x) « v(f)dN, where 


v(f) x f? | 5[w(k — f) + utnyf — ws(k)] d?k. (68.9) 


The integral can be transformed into a surface integral in k-space, the surface 
being defined by 


wk — f) + u(n)f — wk) = 0, (68 10) 


by means of the formulat 
| 8(F) Pk = $ dS/'V |, (68.11) 


the integral being taken over the surface F(k) = 0. We then have 


dwi(k)  G@w,(k ~ f) : 


x= Fase 


(68. 12) 


where AS(f) is the area of the surface (68.10). and the angle brackets denote 
averaging over the surface. 

Let us consider a typical case, in which the degeneracy points form a curve in 
k-space. Then, as f > 0, the surface (68.10) contracts to a curve on which the 


tThis is derived immediately by noting that 
d°k = dS dl = dS dFIN,F). 


where [| is the distance along the normal to the surface. 
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degeneracy points lie, and for small f it is a narrow tube surrounding this line; the 
dependence of the area AS on f is therefare the same as the f-dependence of the 
tube diameter. 

If the surfaces w(k) meet on the degeneracy curve but do not touch 
(Fig. 27b), the distance of the point k from the degeneracy point varies linearly with 
f, and so AS « f also. Since the difference of the derivatives in this case is finite at 
the point of intersection, we have 


v(f) x f?. (68.13) 


The integral (68.5) now diverges only logarithmically. This divergence is to be 
removed in the same way as when there is no degeneracy (see below). Because the 
divergence is weak, it usually does not cause any significant change in the law 
(68.2). 

Now let the surfaces w(k) have a quadratic contact at the degeneracy 
point. Then, as we see from Fig. 27c, f is proportional to the square of the distance 
from the point of contact. The area AS, being proportional to this di- tance itself, is 
AS xf’. In the case concerned, the same dependence on f occurs for the 
difference of the derivatives in (68.12), since the derivative curves intersect without 
contact. In this case, therefore, 


v(f) = f?, (68.14) 


and there is no divergence in the thermal conductivity. 

Other types of degeneracy may be treated similarly.t 

If there are no degeneracy points in the phonon spectrum, the condition (68.6) 
must be satisfied for all directions n in at least one branch of the spectrum w(k) in 
order to ensure a finite thermal conductivity from three-phonon processes. Other- 
wise, a finite conductivity results only from higher-order (four-phonon) processes, 
and the law (68.2) does not hold. At low temperatures the mean free path increases 
and may become comparable with the size L of the body; the divergence of the 
integral (68.5) can then be cut off at f ~1/L, which would make the thermal 
conductivity dependent on L. 


§69. Thermal conduction in insulators. Low temperatures 


At low temperatures (T <@), heat transfer in insulators becomes quite different. 
The reason is that under such conditions the number of Umklapp processes 
becomes exponentially small, as is clear from the following arguments. 

The conservation of quasi-momentum in a three-phonon process with Umklapp, 
expressed by k=k, +k). +b, requires that at least one of the three quasi-momenta 
should be large; let this one be k, ~ b. Then the energy w, ~ ©, and the conservation 
of energy (w = w+ @2) requires that the energy w ~ © should also be large. When 


tA discussion of Ihem may be found in the original paper by C. Herring, Physical Review 95, 954, 
1954. 
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T <Q, however, the majority of the phonons have energies ~ T, and the number 
with energies ~ © is exponentially small. Thus, both for the phonon decay process 
and for the inverse process of coalescence of two phonons, the numbers of initial 
phonons, and therefore the numbers of processes, are exponentially small. It is 
easy to see that the fact that it is a three-phonon process is unimportant in these 
arguments, which apply equally to processes involving a greater number of 
phonons. 

In this situation, the physical picture of heat transfer is as follows. Numerous 
normal collisions of phonons, in which the total quasi-momentum is conserved, 
establish only “internal” equilibrium in the phonon gas, which may still be moving 
relative to the lattice with any velocity V. The small number of collisions with 
Umklapp change the distribution function only slightly, but establish a definite 
value of V, proportional to the temperature gradient; this in turn determines the 
heat flux. We shall now show how this picture is represented in the mathematical 
solution of the problem.t 

The transport equation is written as 


(ONol dT u- VT = In(y) + Iu), (69.1) 


the collision integral being separated into parts associated with normal and 
Umklapp collisions. The equilibrium distribution function corresponding to the 
movement of the gas aS a whole with velocity V is obtained from No(w) on 
replacing the argument w by w—k.V; when V is small, we have 


Nolw —k. V)* Now) —k. VANof dw. (69.2) 


In accordance with the picture described above, we seek the solution of equation 
(69.1) in the form 


X=xn+xu Xn =K.V; (69.3) 


xu is the part of the change in the distribution function that is due to Umklapp 
processes, and is small in comparison with yy. If vy and vy denote the orders of 
magnitude of the effective collision frequencies with and without Umklapp (4 < 
Un ) then 


xul Xn ~ vul UN. (69.4) 


Substitution in (69.1) gives 


(dNol dT )u - VT = In (xu) + Lun), (69.5) 


where the linear operators acting on the functions x are defined by (67.17). In (69.5) 
we have used the fact that Iy(yn) = 0, and omitted I (yu) as a small quantity; the 


tit should be noted that the unambiguous separation of Umklapp processes as a small effect is 
achieved by precisely the choice described in § 66 for the base cell in the reciprocal lattice, as a result of 
which all collisions between Iong-wavelength phonons only, with low energies, are normal ones. 
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two remaining terms on the right are of the same order of magnitude if (69.4) is 
valid. 

Let us emphasize first of all that, when Umklapp processes are neglected and the 
temperature gradient is not zero, the transport equation has no solution. For, let us 
multiply equation (69.5) by k, integrate over d°k/(27r), and sum over all branches of 
the phonon spectrum. Since normal collisions conserve the total quasi-momentum, 
the term Iy (xy) becomes zero, leaving 


ONo d’k d'k 
© f kw wry TS G=S [ ktuow Soy (69.6) 


When Umklapp processes are neglected, the right-hand side is zero, whereas the 
left-hand side is certainly not zero, the integrand being an even function, since w(k) 
is even and u= dw/dk is odd. This contradiction means that the transport equation 
has no Solution. 

With Umklapp processes taken into account, however, equation (69.6) determines 
the unknown quantity V in the solution (69.3). To simplify the notation, we shall 
suppose that the crystal has cubic symmetry. The anisotropy of the crystal then 
does not appear* in the integrals in (69.6), and this equation becomes, after 
substitution of yx from (69.3), 


BVT = — vruBi TV. (69.7) 
with the notation 
Bi=3 2 [x -unoo 
anaes [Ema (69.8) 
Tryp. = IL Jute 2 


the factor B> is separated in order to siinplify the later formulae. 
Equation (69.7) determines V, and the energy flux is then calculated as the 
integral (67.4), in which N is to be replaced by 


5Ny =—k. VANwdw =k. V(T]w)aNol dT. 


Then q= TB,V, and together with (69.7) this gives q= —«VT. with the thermal 
conductivity 


K >= BY] vp B>. (69.9) 


It is noteworthy that in this case the calculation of « does not require the transport 
equation (69.5) to be solved, but only the integrals (69.8) to be calculated. 


tFor cubic symmeiry, any tensor of rank two reduces to a scalar: dep = hadap. @ = Quen 
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The integrals B,; and B2 are governed by the frequency range w~ T, which 
contains the majority of the phonons. They depend on T only by a power law. 
Since only acoustic phonons can have low energies, 8; and B2 need in practice be 
summed only over the three acoustic branches of the spectrum. It is easy to see 
that we then have 


Bi, Br. « T. (69.10) 


The exponential dependence is contained in the integral vy. Its specific form can 
be obtained by means of (67 17). For Umklapp processes, 


XN, + Xn) — XN =V.(k,+k,.—k)= V.b. 


For the majority of phonons, w ~ JT and the distribution function No~ 1; for 
phonons with w > T, however, No <1. The factors No+ 1 ~ | therefore need not be 
considered in estimating the integral. The functions 


No =e “(Not 1) 
contain factors e “7, which may be exponentially small, and which have a decisive 
effect on the estimate of the integral. 

Thus, if we consider only the exponential temperature dependence of vy, we 
have 


vy X > e"™S(w — w,— 2) d’k d*ky; (69.11) 


tg.b) 


the summation is over all branches g, g1, g2 of the spectrum and over all non-zero 
values of b occurring in Umklapp processes. The equation 


Wy (Kk) = we (ki) + we,(k — ky) (69.12) 
defines a five-dimensional surface in six-dimensional kk,-space. Let A(g, 2:1, 22) be 
the minimum value of w,(k) on this hypersurface; since the energies of phonons 
involved in Umklapp processes are large, these values are ~ ©. Each of the 
integrals in the sum over (g) in (69.11) is proportional to exp[— A(g, 21, 2.)/T]. 
Retaining only the largest of them, we have 

vy & exp(— Amin! T), (69.13) 
where Amin is the smallest of the A(g, g;, 22). 


- We thus conclude that the thermal conductivity depends on the temperature 
essentially according to the exponential relation 


K % exp(Anin/ T), (69.14) 


with Amin ~ © (R. E. Peierls, 1929). 
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The higher-order processes, involving a larger number of phonons. lead to a 
temperature dependence of a similar type, with A the lowest possible value of the 
energy of the initial phonons in each process (or, equivalently, half the least total 
energy of all phonons, initial and final, taking part in the process). In principle, it 
may happen that this value is less than for three-phonon processes, in which case 
the contribution of higher-order processes to the thermal conductivity may become 
predominant, despite the fact that the coefficient of the exponential decreases, of 
course, as the order of the process increases. 

Unlike the Umklapp process frequency vy, the effective frequency vy of normal 
collisions decreases as a power of the temperature; we shall determine the 
relationship, in order to use it in §71. 

Normal collisions take place between acoustic phonons with w ~ T, which form 
the majority. Their quasi-momenta k ~ w/u ~ T/u. In the collision integral (67.17). 
the integration is over a surface with area ~ k’ distinguished by the delta function 
in a volume ~k’. In this region, the functions No~ 1 and w « k', according to 
(66.14). Hence vy « T*. The proportionality coefficient is most simply determined 
from the condition that when T ~ © this expression and the estimate (68.3) must 
give the same result, so that 


vy ~ T*/O* Mud. (69.15) 


§70. Phonon scattering by impurities 


In §868 and 69 we have assumed that the crystal lattice is ideal and free from 
defects. Let us now consider the possible significance of phonon scattering by 
impurity atoms as regards thermal conduction in insulators. 

In relation to the long-wavelength acoustic phonons, the impurity atom is a point 
defect in the lattice. A characteristic property of scattering by such defects is that 
it is elastic (the phonon frequency is unchanged), and the scattering cross-section 
decreases rapidly with the frequency, i.e. with the wave number, as k*.t 

The collision integral for phonon scattering by impurities ts 


CCN) = Nimp | wlk, K)Y{INeC +N Nil + NO}8(@'- w)d*k'](2aY. (79.1) 


As usual, the first term in the braces gives the number of scattering events per unit 
time which bring a phonon into a state with a given quasi-momentum k from states 
with any other values k' that correspond to the same energy. Similarly. the second 
term gives the number of scattering events that take phonons from that state into 
any other. If the impurity atoms are arranged randomly, and the mean dis ‘nce 
between them is much greater than the scattering amplitude, then different atoms 
scatter independently and the probabilities are additive. Under these conditions, 
which have been assumed in (70.1), the total number of scattering events is 

*This is a general property of sound wave scatiering by obstacles small compared with the 


wavelength; cf. FM, §76. Compare also the corresponding case in the scattering of Iong electromagnetic 
waves (Fields, §79). 
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proportional to the impurity atom concentration Nimp. For scattering in an aniso- 
tropic medium. the function w(k,k’) depends on the directions of both vectors k 
and k’, but its dependence on the magnitude k is w « k*. In (70.1) we have put 
w(k, k') = w(k’, k). In the Born approximation, this follows from the unitarity 
condition and the smallness of the scattering amplitude when second-order terms 
are neglected (see QM, § 126). The Born approximation is not in general applicable 
to phonon scattering by an impurity atom. At low temperatures, however, when 
phonons with small k are concerned, the scattering amplitude is small for another 
reason, being proportional to k*; if terms « k* are neglected, we again have the 
same equation. 

The products N,N, in the braces in (70.1) cancel, and after the substitution 
N = No+ ON the collision integral is immediately linearized: 


C(N) = Timpf(SN) = Nimp | W(SNy— 8N,)8(@' — w) PK Qz)’. (70.2) 


This integral is, like w, proportional to k*. Since Ng/dT ~« Hw « I/k when w <T, 
in this frequency range we have 


SN x k™ (70.3) 


A similar case has already occurred in §68; cf. (68.4). The relation (70.3) leads to 
divergence of the integral for the heat flux. Thus the presence of impurities in the 
crystal cannot in itself ensure a finite thermal conductivity of an insulator. 

This does not mean, however, that impurities play no part in determining the 
conductivity. The reason is that the scattering by impurity atoms does not conserve 
the quasi-momentum of the phonons, and in this sense may take the place of 
Umklapp processes. In sufficiently pure samples, there may exist a range of low 
temperatures in which the effective frequency ry, of scattering by impurities (for 
phonons with w~T) is intermediate between the frequencies of normal and 
Umklapp collisions between phonons: 


Vn > Vimp > Vu. (70.4) 
Under such conditions, the role of the Umklapp processes is taken by the impurity 
scattering, and equations (69.6)-(69.8) remain valid if Iy is replaced by Timp. The 


thermal conductivity is then given by (69.9) with vim, in place of vy: 
K >= BY1B2¥ np: 
According to (70.2), vimp « wo ~ T*. The quantities B,; and B for acoustic phonons 
are proportional to T’; see (69.10). We thus have x « 1/T in this case. 
871. Phonon gas dynamics in insulators 


The approximate conservation of quasi-momentum when the mean free path (Iv) 
for normal collisions is small compared with that (Iu) for Umklapp processes, 
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Inlly ~ vulvn <1, (71.1) 


makes the phonon system in the crystal at low temperatures similar in many 
respects to an ordinary gas. The normal collisions establish internal equilibrium in 
each volume element of the gas (large compared with Iy), which may still be 
moving with any velocity V. If V and the temperature T vary appreciably only over 
distances large compared with In (and over times long compared with I/yy), a 
system of “hydrodynamic” equations can be derived for them. We shall construct 
these in the linear approximation with respect to the velocity V and the tem- 
perature gradient, which will be regarded as small quantities of the same order. 
Moreover, to simplify the formulae we shall again (as in 869) suppose that the 
crystal has cubic symmetry. 

One of the required equations expresses the law of conservation of energy. It is 
obtained by substituting the distribution function (69.2) in (67.3) and (67.4). The 
integrals of w(k-V)dNo/dw and of wuNo are zero when the integration over the 
directions of k is carried out; cf. the first footnote to § 68. The function No(w) depends 
on the coordinates and the time only through T. Neglecting terms which contain the 
product V- VT, we find 


B3:0T/at + BT div V=0, (71.2) 
where 
B3= dE, dT. (71.3) 
Ep is the equilibrium energy density, and f, is defined in (69.8). 
The second equation expresses the (approximate) conservation of quasi-momen- 
tum. It is obtained from the transport equation 
aN/at +u.VN = Cn(N)+Cyu(N) (71.4) 
by substituting N in the form (69.2), multiplying by k, integrating over d‘k, and 
summing over the types of phonon. The integral of kKCy(N) Is zero by the 
conservation of quasi-momentum in normal collisions. The result is 
BoT aViat + BiVT = — vuB. TV, (71.5) 
with B, and vy given by (69.8). Equations (71.2) and (71.5) are the hydrodynamic 
equations for a phonon gas in an insulator. 
The exponentially small (like vy) term on the right of (71.5) represents the effect 
of Umklapp processes. When this term is neglected, the quasi-momentum is 
exactly conserved. Under such conditions, undamped waves can propagate in the 


phonon gas, analogous to second sound waves in a superfluid (V. P. Peshkov 1946): 
eliminating V from (71.2) and (71.5), we have in that case 


a’ J] at? = (B7/B2BxAT, (71.6) 


i.e. the wave equation describing the propagation of temperature oscillations with 


304 Insulators 


speed 
lia = (B17/B2B3)'”. (7 1.7) 


As already mentioned, contributions to the integrals 8., B2, B; at low temperatures 
come almost entirely from the acoustic branches of the spectrum. For linear 
dispersion relations w(k), these integrals are proportional to T’; the speed (71.7) is 
then independent of the temperature. and of the same order as the speed of sound.f 

So far we have assumed the crystal to be of infinite size. At low temperatures, 
when the phonon mean free path rapidly increases, a situation may actually occur 
in which the mean free path becomes comparable with or even much greater than 
the size L of the crystal. This applies in particular to the exponentially increasing 
Ip. 

Let us consider heat transfer in an insulator with ly > L (the condition will be 
more precisely specified below), but still ly <L; the latter inequality enables us to 
use the equations of phonon hydrodynamics (J. A. Sussmann and A. Thellung 1963, 
R.N. Gurzhi 1964). 

Because of the microscopic unevennesses of the crystal surface, phonons are 
usually reflected from it randomly (or diffusely); this means that the macroscopic 
velocity V of the phonon gas is zero at the surface. Equations (71.2) and (71.5), 
however, do not allow such a boundary condition; their solutions can satisfy only 
the condition that the normal component of the velocity is zero at the surface. As 
in the hydrodynamics of ordinary liquids, the boundary condition that the tangen- 
tial velocity component is zero demands that the viscosity be taken into account. 

In the steady state, equation (71.2) gives div V = 0. The inclusion of the viscosity 
adds a term in AV to the right-hand side of (71.5), similar to the corresponding term 
in the Navier-Stokes equation for an ordinary viscous liquid. In the steady state, 
this equation is 


(Bil BoT VT = pAV—wV. (71.8) 


The quantity » has the dimensions [L’/T]. and acts as the kinematic viscosity of the 
phonon gas.¥ Its calculation requires in principle the solution of the corresponding 
transport equation. However, for an order-of-magnitude estimate we can use the 
ordinary formula from the kinetic theory of gases, whereby 


pe ~ ly ~ Jon. (71.9) 


Size effects are predominant when the term vyWV in (71.8) is negligible in 
comparison with wAV. For example, let us consider heat transfer along a cylindri- 
cal rod with diameter R, which is the characteristic length as regards the variation 


In an isotropic liquid with a phonon energy spectrum (superfluid helium at low temperatures) there is 
only oy acoustic branch, in which w = uk. Then Bi/B2 = u", BilBs = 3, and the speed of second sound is 
u = ufV 3. 

tConsidering the problem purely qualitatively, we here neglect entirely the anisotropy of the crystal. 
It should be remembered that, even with cubic symmetry, the viscosity is described not by a scalar 
coefficient but by a tensor of rank four having more than one independent component. 
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of the velocity V, so that AV~V/R?. We see that the term vy V is negligible if 
u{R?> vy. With the estimate (71.9), this condition becomes ly > leq, where 


lea~ Rly (71.10) 


aets as an effective phonon mean free path in the finite body. I* leg >Iy, on the 
other hand, the size of the body is unimportant, and (69.14) is valid. 

The process of heat transfer along the rod when [y > Iq is a Poiseuille flow of a 
viscous phonon gas, and may be described by an effective thermal conduetivity 
which determines the energy flux as — keV T, where VT is the temperature gradient 
along the rod. This flux may be estimated by substituting (71.10) in the expression 
Ken ~ Cul.q. At low temperatures, the lattice specific heat C x T’, and ly ~ uj/py = 
T~ aecording to (69.15). The effective thermal conductivity is therefore 


Ker © R?T® when R?/ly <Iy <R; (71.11) 


it decreases with falling temperature. 

Lastly, at still lower temperatures, when also Iy > R, collisions between phonons 
become unimportant, as in the Knudsen case for highly rarefied ordinary gases. 
The role of the mean free path is then taken by the size R of the body, and the 
effeetive thermal conductivity is 


Ket ~ CuR « T?R (71.12) 


(H. B. G. Casimir 1938). 


§72. Sound absorption in insulators. Long waves 


The nature of sound absorption in insulator crystals depends greatly on the 
relation between tle wavelength and the mean free path | of thermal phonons, If 
the wavelength is much greater than I (fl <1, where f is the sound wave vector), the 
maeroscopie theory based on the equations of elasticity theory is valid (see TE, 
§35), according to which the sound absorption coefficient comprises two terms 
which are respeetively determined by the thermal conductivity and the viscosity of 
the medium. Both terms are proportional to the square of the frequency. Our aim 
here is to find their dependence on the temperature. 

The thermal conductivity contribution to the sound absorption coefficient Is 
given in order of magnitude byf 


yn ~ @kTa’p|uC’, (72.1) 


where a is the thermal expansion coefficient of the body, C the specifie heat per 
unit volume and p the density. At high temperatures T > ©, the thermal conductivity 


tWe give the absorplion coefficient per unit path length. The frequency and temperature dependences 
are the same for the coefficient per unit time, since the two coefficients differ only by a constant factor. 
the velocity of sound. 
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x « 1/T, while C and @ are independent of the temperature: see SP I, 88 65, 
67. Iu this range, therefore, ys, is independent of the temperature. At low tem- 
peratures, its temperature dependence is governed mainly (in an ideal lattice) by 
the thermal conductivity, which increases exponentially as T decreases. 

Let us now determine the viscosity part of the sound absorption coefficient (A. I. 
Akhiezer 1938). The external sound field alters the phonon dispersion relation by 
causing a macroscopic deformation of the crystal lattice. The wavelength of 
thermal phonons is small in comparison with the wavelength of sound; hence the 
deformation may be regarded as uniform in relation to a thermal phonon, i.e. the 
latter may be regarded as being in a lattice that is still regular but has slightly 
altered periods. In the first approximation with respect to the small deformation, 
the phonon frequency w(k) in such a lattice is related to its value w(k) in the 
undeformed lattice by 


w(k) = w(K) + Acg Usp), (72.2) 


where 


_1/aU. , Us 
Vos = Bae Bs i) 


is the strain tensor and U the displacement vector. The characteristic tensor Agg of 
the crystal in general depends on k; for long-wavelength aeoustic phonons with a 
linear dispersion relation, however, it does not depend on the magnitude of k. 

The parentheses in (72.2) should also eontain a term of the form A curl U 
expressing the trivial fact that, if the deformation causes rotation of a lattice 
volume element (curl U # 0), this changes the direction of the axes (of the recipro- 
cal lattice) with respect to which the quasi-momentum of a phonon in the dis- 
persion relation is to be defined; the term A curl U would represent the correspond- 
ing change in k. We have not written this term in (72.2), since it is evident a priori 
that it cannot influence the energy dissipation In the sound wave, which concerns 
us here: the actual physical effect (dissipation) eannot depend on the vector curl U, 
which differs from zero even for a mere rotation of the body as a whole. 

The change in the phonon distribution function due to the lattice deformation is 
given by the transport equation 


(@N/dw)a + (@N/aT)T = C(N), (72.3) 
where C(N) Is the phonon-phonon collision integral (67.6), and T the rate of 
variation of the temperature at a given point in the crystal that necessarily results 


from the deformation. Linearizing this equation in the usual way, and using the 
function x defined by (67.15), we can reduce it to the form 


4 oN ap Uas - TIT) = 1), (72.4) 


where I(x) is the linearized collision integral (67.17). On the left-hand side, the 
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derivative @ has been transformed by means of (72.2); the superscript (0) to the 
unperturbed frequency is omitted, here and henceforward. 

The derivative J can in principle be expressed in terms of the same tensor age 
Multiplying both sides of equation (72.4) by a, integrating over k-space, and 
summing over all branches of the phonon spectrum, reduces the right-hand side to 
zero by virtue of the conservation of energy in collisions. The left-hand side gives 


TE Sie (72.5) 


where Ree is the tensor Agg averaged over w?dNo/dw. In both the limiting cases of 
high and low temperature, A,, is independent of temperature: when T >, the 
important phonons in the averaging are those with the temperature-independent 
quasi-momentum k ~ kmax~ 1/d, and when T <@ the long-wavelength acoustic 
phonons are the important ones, with A,g independent of k, so that the averaging 
again Causes no dependence on the temperature. 

With dag — op = Naps we write the transport equation as 


w(ANold@) Aug Uap = I(x). (72.6) 
Next, let us derive a formula for the dissipation of energy in a non-equilibrium 


phonon gas. We start from the expression for the entropy per unit volume of a 
Bose gas: 


S= 2 | [(N + 1) log(N + D)— N log N] d?k/(2z)° (72.7) 


(see SP 1, §55). Differentiation with respect to time gives 


$= PS i N log a Ll PkiQny. (72.8) 


Replacing N here by the integral C(N) (cf. § 4) and renaming appropriately the 
variables k, k; and k, in the two terms in (67.6), we can put S in the form 


tea aoe _ (Ni + IN2Na 
S= 2 : > W (ko, k3; k)5(@, 2 W3) log Ni(N2 re ICN; + 1) x 


Hp 89 Ry 


x [(CNi + I)N2N3— Ni(N2+ DON; + BD] ki PkolQz). 


Multiplication by T gives the dissipative function, i.e. the energy dissipated per 
unit time and volume. Substituting N = No+ 6N, with 6N in the form (67.15), and 
keeping the first (quadratic) terms in the expansion in powers of 6N, we find 


TS = ps Sf owe, ks 2 k))8(«@1 — w2 — w3) X 
27 81-82-83 


X (Nar + DNooNosQxi— x2 — x3) d°ky kal). (72.9) 
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The above formulae are sufficient to determine the temperature dependence of 
the sound absorption coefficient. Let us first consider the range of high tem- 
peratures. 

In this case, the collision integral I(x) contains the temperature as a factor T? 
(see the beginning of §68). On the left-hand side of the transport equation (72.6), 
we have wdNo/dw ~ — T/w, and for the majority of the phonons the frequency 
w~® is independent of the temperature. For these frequencies, therefore, 


4 ae CLT )Ang Ogi 


From (72.9), in which we must put No T/w > I, we now find that the dissipative 
functio.: is independent of the temperature. The same is true of the absorption 
coefficient, obtained by dividing the dissipative function by the energy flux in the 
sound wave, which is independent of the temperature. When T > 0, therefore, both 
the viscosity part and the thermal-conduction part of the sound absorption 
coefficient are independent of the temperature. 

At low temperatures there is, first of all, a fundamental difference from the 
problem of thermal conduction: the sound absorption coefficient is finite even when 
Umklapp processes (whose frequency is small at low temperatures) are neglected. 
In the thermal conduction case, the absence of any solution of the transport 
equation when Umklapp processes are neglected was shown by the contradiction 
arising on multiplication of this equation by k and integration over the whole 
phonon spectrum: the right-hand side is then zero, but the left-hand side is 
certainly not zero; cf. (69.6). For equation (72.6), however, the contradiction does 
not occur: since its left-hand side is an even function of k, it becomes an odd 
function on multiplication by k, and vanishes on integration over d’k. Here we 
assume that the integral of the term containing the Umklapp process operator, i.e. 
of kIy(y), is also zero. Since this is not ensured by any conservation law, a certain 
condition is thereby imposed on the solution of the transport equation: the function 
x(k) must be even in k (and kI-(y) is then an odd function, since it is easily shown 
that the operator I does not change the parity of y). This condition eliminates the 
arbitrariness due to the existence (in contrast to Umklapp processes) of an “extra” 
solution of the form x =k. 6V, an odd function of k, and ensures a correct passage 
to the limiting case where these processes are absent. 

When T <0, phonons with energy w ~ T are the most important in the collision 
integral (and in the dissipative function). These are long-wavelength phonons in the 
acoustic branches of the spectrum; their frequency varies linearly with k, and they 
therefore have k ~ T/u. According to (66.14), the function w in the integral (67.17) 
for collisions of such phonons is w « kk,k2. The distribution function No depends 
only on the ratio w/T, so that No~ 1 when w ~ T. The integration is over d°k, = 
k,? dk, do,, and for k; over a region ~T. Each factor k, k,, k; therefore contributes a 
factor T to the integral, and the delta function gives a factor 1/7. Thus the whole 
integral, as regards its temperature dependence, is estimated as yT*. The left-hand 
side of the transport equation (72.6) is independent of the temperature when w ~ T. 
Hence we have, when w ~ T, 


x & Fg cp: 
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A corresponding estimate of the integral (72.9) then leads to the result that the 
dissipative function, and therefore the viscosity part of the sound absorption 
coefficient, are inversely proportional to T. Thus 


ywi% w/T when T <0. (72.10) 


The absence of any need for Umklapp processes has the result that this part of the 
absorption coefficient increases only by a power law with decreasing temperature, 
not exponentially. 

The use of the dissipative function in the foregoing analysis has made it possible 
to avoid expressing the viscous stress tensor in the crystal in terms of the phonon 
distribution function. This is not a trivial problem, because the actual momentum 
flux tensor is involved, and this momentum is not the same as the quasi-momentum of 
the phonons. We shall show how this expression can in turn be derived from the form 
of the dissipative function. 

To do so, we again start from the integral (72.8), and now write N in it as the 
expression on the left of the transport equation (72.6). The logarithm in the 
integrand is written in the form (see (67.16)) 


N N - 
le aay i = —los| es (1+%)]~25% 


The result is 


TS =>, | WhapdN An os: (72.11) 
£ 
where 6N = ~ XONol dw; the term with the factor w in place of x is identically zero, 


by the definition of Ap. Instead of Aap = Aap — ops we can here put simply Agg, 
since the integral containing the constant factor Ag is Zero by the further condition 
(67.14) imposed on 6N. 

The dissipative function (per unit volume) can be expressed in terms of the 
viscous Stress tensor o%, aS oigUag; cf. TE, §34. A comparison with (72.11) thus 
gives the following expression for the viscous stress tensor: 


5 hep BN PKI Qa)? (72.12) 
8 a 


(V. L. Gurevich 1980). 


§73. Sound absorption in insulators. Short waves 


In the opposite case of short wavelengths, fl>1, the process of sound wave 
damping may be regarded as the result of absorption of individual sound quanta 
When they collide with thermal phonons (L. D. Landau and Yu. B. Rumer, 1937). 
For this treatment to be permissible, the energy and momentum of the thermal 
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phonons must be defined with sufficient precision: when changed by the absorption 
of a sound quantum, they must come into a range outside the quantum uncertainty 
due to the finite mean free path, and this is ensured by the inequality fl> 1. In 
practice, such a situation can occur only at low temperatures, when the mean free 
path becomes sufficiently long. 

In the first approximation, i.e. when processes involving the smallest number of 
phonons are considered, we have three-phonon processes: 


k, +f=k, @,+@= a, (73.1) 


where w and f are the energy and quasi-momentum of the sound quantum, while 
w, kK, and w2, k. belong to thermal phonons. The latter are w, @2~ T; ki, ko ~ T]u. 
We shall assume that 


ho <T. (73.2) 


Then w, w2 and k,, k2 are large compared with w and f respectively. 

As we have seen in §68, the conservation laws (73.1) can be obeyed only if the 
speed of the thermal phonon exceeds that of the sound quanta absorbed (or 
emitted). Without entering into a discussion of various possible cases, we shall 
suppose that the sound wave is not “longitudinal” (i.e. does not correspond to the 
acoustic branch of the phonon spectrum for which the speed is greatest), and that 
the condition stated may therefore be satisfied. Since w and f are small, the initial 
and final thermal phonons belong in general to the same acoustic branch of the 
phonon spectrum: at low temperatures, they are long-wavelength phonons. 

The probabilities of phonon emission or absorption in a three-phonon process are 
given by (66.9) or (66.11). The occupation numbers N, = N(k,) and N2,= N(k2) are 
given by the Planck equilibrium distribution function (67.9). A macroscopic sound 
wave corresponds to a very large occupation number for a given phonon state f; in 
comparison with it, unity is of course negligible. Omitting the factor N(f), we 
obtain the probability per sound quantum. 

Thus the probability of absorption of a sound quantum in its collisions with 
thermal phonons having all possible values of k; is given by the integral 


| Aki kof Ni(N2 + 1)8(@1 + @ — @2) Pk lQzy. (73.3) 


The probability of the inverse process of emission of a phonon f by all possible 
phonons k; ts 


| Akikof NAN + 1)8(@; + @ — @2) Ck 27). (73.4) 


The function w in (66.9) and (66.11) is written, in accordance with (66.14), in the 
form Ak,k2f, all three phonons being long-wavelength ones (A is a function of the 
directions of all the phonons). 

The phonon absorption (the relative rate of decrease of the number of phonons) 
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is determined by the difference of these two probabilities. Since the frequency w is 
small in comparison with w; and w2, we have 


N,(N2+ 1 (N+ DN2 = Ni~— No = — (AN dw)o. 


The absorption coefficient is therefore 
y% of | AksbalaNi/ 20115 (o +0 — 7) Pky. (73.5) 


We are concerned with the dependence of this quantity on the sound frequency 
w and the crystal temperature J. It is governed entirely by the fact that all the 
frequencies in (73.5) are first-order homogeneous functions of the wave vectors. To 
simplify the discussion, it is sufficient to take w = Uf, w, = uk,, @2 = uk2, where U and 
u are speeds independent of direction. 

Since f is small, we can put k, ~ k,. For the same reason, 


W2— @ © (8w,/0k,) . f= uf cos 0 = w(ulU) cos 6, 


where @ is the angle between f and k. Then 
Cae )=2a(1-Fe . 6) 
@) @ @2) = oF U Os ’ 
and the integral (73.5) becomes 


Jan 
ie w | Ak? My a(1 - cos 0) ke dk, d cos 6, (73.6) 


or, after removing the delta function, 
y X%w | btlanifakildk, 


Since N, is a function only of the ratio w,/T = uk,/T (because of the rapid 
convergence, the integration with respect to k, can be extended to infinity), the 
remaining integral is proportional to T*. Thus 


y x oT, (73.7) 


Here, the sound absorption coefficient varies linearly with the frequency. 

With the condition (73.2) assumed above, the sound attenuation mechanism in 
question is exactly analogous to Landau damping in a plasma. The “resonance 
electrons” are here represented by phonons moving in phase with the sound wave. 
There is therefore naturally a resenblance between (73.6) and the Landau damping 
formula (30.1). 


CHAPTER VIII 


QUANTUM LIQUIDS 


§74. Transport equation for quasi-particles in a Fermi liquid 


Tue transport equation for quasi-particles in a normal Fermi liquid has already 
been discussed (SP 2, §84 and 5) in connection with the propagation of oscillations 
in it; the collision integral in the equation was there unimportant. We shall now 
eontinue the diseussion of the transport equation with a view to its applieation to 
dissipative processes relating speeifieally to collisions. 

The quasi-particles in a Fermi liquid have a spin of }. Aecordingly, their 
distribution funetion is in general a matrix with regard to the spin variables. 
However, there is a wide range of problems in which it is suffieient to consider a 
distribution independent of the spin variables, redueing to a sealar funetion n(r, p) 
normalized so that n d’p/(2zh)> is the number of quasi-particles per unit volume 
with momenta in the range d‘p and a given spin component. This will be assumed 
in §§ 74-76. 

The charaeteristie property of the speetrum of a Fermi liquid is that the energy € 
of the quasi-particles is a funetional of the distribution funetion. When the latter 
ehanges by a small amount: 


n(r, p) = no(p) + Snr, p), (74.1) 


where no is the equilibrium distribution, the energy changes by 


de(r, p) = { f(p, p’)6n(r, p’) d’p'/(2ah y, (74.2) 


where f(p, p’) is the quasi-particle interaction funetion. Thus the distribution (74.1) 
eorresponds to the quasi-particle energy 


e(r, p) = €o(p) + Se(r, p), (74.3) 


where €o(p) is the energy corresponding to the equilibrium distribution. 
The transport equation is 


dn, d€ Onde an 
GEE AOS: OI Ee eek = 4 
at dp dr Or Op em); (4.4) 


Its characteristic feature is that in an inhomogeneous liquid the left-hand side of 
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the equation contains a term involving the derivative de/@r even in the absenee of 
an external field, beeause of the coordinate dependence of € (74.3). 
The collision integral on the right of (74.4) has the form 


C(n) = { w(p, pis p’, pln midl — n)(h — 11) — nn(t—n'\t — n4)] Xx 
x &(e +e, —e'—€}) d’p, d'p'I(2ah)’, (74.5) 


where n,n, n',ny are funetions of the momenta p,p.,p’,pi of the colliding 
quasi-partieles. The law of eonservation of momentum in eollisions is assumed 
already taken into aceount, so that p+p,=p’+pi; the integration in (74.5) is 
therefore taken over only two momenta, not three. The conservation of energy is 
ensured by the explicitly written delta funetion. Lastly, w is a funetion of the 
momenta whieh gives the collision probability. The two terms in the square 
brackets give respeetively the numbers of quasi-particles entering and leaving a 
particular quantum state as a result of collisions. They differ from tue eorrespond- 
ing terms in the Boltzmann gas collision integral by the faetors (I—n), ete. The 
presence of these faetors is due to the Fermi statistics, whereby collisions ean take 
quasi-partieles only into unoecupied states. 

The Born approxiniation is in general not applieable to eollisions of quasi- 
partieles in a Fermi liquid. Nevertheless, the probabilities of direct and reverse 
seattering processes may be assumed to be the same. We are eonsideling quantities 
already averaged over the direetions of the quasi-particle spins. Under these 
conditions, the seattering probability depends only on the initial and final momenta 
of the colliding quasi-partieles. This enables us to apply the same srguments as 
were used in §2 when deriving the prineiple of detailed balaneing in the form (2.8). 
Here it is important that in a Fermi liquid there is again invarianee under spatial 
inversion, We thus arrive at the equation 


w(p', pis p, Pi) = Wp, pas p’, Pi), 


already used in the collision integral (74.5). The function w depends in general on 
the state oeeupation numbers, and therefore on the temperature. However, sinee 
the temperature is low (an important point in the whole theory of Fermi liquids), w 
in the collision integral is to be taken as the funetion ealeulated for T = 0. 

The integral (74.5) vanishes identically, as it should, when we substitute for n the 
Fermi equilibrium distribution funetion 


No(e) = {exe(£ 7") + i (74.6) 


For, sinee 


Lt ere _&€&7EM 
rong %P(-F*), 


we see at once that the law of conservation of energy leads to the equation 


Hono nono 


(nina UonKISaw a) 
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[Let us use the transport equation to express the mass, energy and momentum 
eonservation laws in a Fermi liquid in terms of the distribution funetion. The 
dependence of the energy of the quasi-partieles on their distribution makes this a 
faitly speeifie problem. 

We integrate both sides of (74.4) over 2d?p/(2ah)’; the factor 2 takes account of 
the two possible direetions of the spin. Beeause of the conservation of number of 
quasi-particles in collisions, the integral of C(n) is zero. On the left-hand side, the 
term —(dn/dp) .(de/dr) is integrated by parts, and the equation then becomes 


ON/odt + div i= 0, 
where N is the number density of quasi-partieles, 
i= (y), (74.8) 


and v= de/dp is the quasi-partiele veloeity.t This is the eontinuity equation for 
quasi-paiticles, and i is therefore the quasi-partiele flux. Sinee the number of 
quasi-partieles in a Fermi liquid is the same as the number of aetual partieles, i is 
also the flux of aetual particles, so that i= (p/m). 

Let us now apply the same operations to (74.4) after first multiplying both sides 
by p. The integral of pC(n) is zero, beeause of the eonservation of the total 
momentum of quasi-partieles in collisions. The left-hand side in veetor eomponents 
is 


Pa) 5 | (2 de an aa) 2d°p 


A%p OPp  APp AXg/ 2th)” 


The integrand in the seeond term ean be rewritten as 


(en ee ee 
aXp Pe Opp OXq app i OXp ny 
On integration, the third term gives zero, and the seeond term gives the derivative 


dE/dx, of the energy density E of the liquid, the quasi-partiele energy in a Fermi liquid 
being determined by the variation of the internal energy, 


SE = | e6n . 2d’ p|(2ah)’. (74.9) 
Thus we have the equation of conservation of momentum in the form 


0 oll 
meee 4 ——-o8 — 
ot Pad OXg 0, 


tHere and in the rest of §74, (.. .) denotes inlegration over the distribution n: 


ee =|. ..n.2d’plQahy 
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where the momentum flux tensor is 
Thag = (Padg) + Sag ((€) — E). (74.10) 


Finally, multiplying both sides of (74.4) by € and integrating, we similarly obtain 
the equation of conservation of energy: 


dE/at + divg=0, 
where the energy flux is 
q= (ev). (74.11) 
In equilibrium, all the fluxes i, q and Il,, are zero. We can derive expressions for 
them that are linear in the small correction 6n in the perturbed distribution (74.1). 
The equilibrium function mo depends only on the energy of the quasi-particle, 
which in turn corresponds to the equilibrium distribution. Denoting this fact by the 
suffix zero to e, we write the definition (74.1) in the more precise form 
n(r, p) = no(€o) + Sn(r, p). (74.12) 
If no is expressed as a function of the actual quasi-particle energy €, we must put 
No(€o) = nNo(€) — Se. Ano/ de 
and the perturbed distribution function then becomes 


u(r. p) = no(e) + Sr (r, p), (74.13) 


dn = 6n — be. anol de 


=n — Ste | f(p, p)8n(r, p') @p'(2ah)?. 


Since, in the integrals (74.8)-(74.11), « and v= de/dp are the actual energy and 
velocity of the quasi-particle. it is sufficient to substitute n in them in the form 
(74.13), which gives immediately 


i= [ vor. 2d°pi(2ah)’, 
q= | evdn . 2d°pl(2ah)’, (74.14) 
ee { padgdtt . 2 p|(Qmh)?: 


in the last expression, we have also used (74.9). Now, as the first-order terms in 5n 
have been separated, we can of course treat € as €(p) in the integrals (74.14). 
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As in previous cases, We express 6n as 
dn = — Wang/de. (74.15) 


In this case, the separation of the factor dno/de has a special significance. The 
perturbation 6n is concentrated in the blurred region of the Fermi distribution. The 
derivative dny/de too is appreciably different from zero in just that region; when this 
factor has been separated. the remaining function WJ is a slowly varying one. 
Together with (74.15), we shall write 


dn = — ¢ Onl de 
= nol — no) g/T, (74.16) 
where 
eae 1, dNy(E’} edt p 
pau | fe. 2 ar w(r, p’) (ahi (74.17) 


In the zero-order approximation with respect to the small ratio T/e,, the function 
ny(€) may be replaced by a step function cut off at the limiting energy e-. Then 


anol de = — S(e€ — €;), (74.18) 
and the integration over d*p reduces to an integration over the Fermi surface 
€ = er. The volume element between two infinitely close constant-energy surfaces 
in momentum space is 


dS de/|de/ap|, (74.19) 


where dS is an area element on the constant-energy surface. The integration over 
d‘p thus becomes one over the Fermi surface according to the formula 


| .--8(e-er) ap = |... dSrlve (74.20) 


where vf is the velocity on the Fermi surface. This formula does not assume that 
the Fermi surface is spherical; on a sphere, dS- = pp do with constant pr. 
After thts transformation, the definition (74.17) becomes 


g(r, p) = wr, p) + | fp, pwr, pF) dSzelv 27h)’, (74.21) 


where pr denotes the momentum (with vartable direction) on the Fermi surface. 
The particle flux ts 


i= { (v-lvr)p . 2dS-(2ah) (74.22) 


and the momentum flux ts gtven by a simtlar expression. In the energy flux, the 
approximation (74.18) is certainly inadequate: it would reduce q simply to the 
convective energy transfer e;i, the first term tn the expresston 


A 2d'p 
? (ah) 


g = €rt— | we- er) ae (74.23) 


To ltneartze the collision integral, it must be noted that the equilibrium dts- 
tribution ny(e) as a function of the actual energy € makes the collision integral 
zero.t The linearization ts thus carried out by substituting n in the form (74.13) and 


(74.16). The calculattons are similar to those in going from (67.6) to (67.17). The 
expression tn the square brackets in (74.5) is written in the form 


A ea ears 9 ene | aCe 
(li -nj)(d-—a)jd-a5)0 nil; ar arr a, 
and we use the fact that 
no __ Mo @ 
OTA ]l— no T 


The result ts 
C(n) = I(¢) 
= ; { wnono (1 — no) — nade’ + gi — e — er) X 
x 8(e’ + ef —€ —€,) d'p, d'p'(2ah)®. (74.24) 


Note that the required perturbation of the distribution function (to be found by 
solving the transport equatton) occurs in the colliston integral as the same 6n that 
appears in the fluxes (74.14). If the terms in 6n can be omitted on the left of the 
transport equation (as in calculating the thermal conducttvity and the viscostty; see 
§75), then the quasi-particle distribution function f(p, p’) does not occur explicitly 
in the resulting equations: the equations with f for the unknown 6fi are the same as 
those with f = 0 for the unknown 6n. [In such problems, therefore, the Fermi-liqutd 
effects do not appear, and the situation ts formally tdentical with that for a Fermi 
gas. 

We shall show that a similar caSe occurs in a particular class of problems where 
the first-order terms tn 6n have to be retatned on the left-hand stde of the transport 
equation. If the function ng ts independent of the coordtnates, these terms are 


d6n , d6n Jeg _ ONo. abe 


at + or dp op or 


_ 96n d6n _ y ano , 2 dp’ 
at +V- ar a Ae f(p, p')dn(r, DT ety DF 


tThis is a general remark, which applies 10 any collision integral involving Fermi quasi-particles, not 
Only to (74.5). 
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With 6n from (74.13), they become 


don don 


Saye No ae (74.25) 
If the time dertvattve may be neglected, agatn only 6A occurs here. 

These statements rematn valid not only for an electrically neutral Fermt liquid, 
discussed here, but also for the electron liquid in metals, which will be considered 
in Chapter IX. For thts reason and in order not to have to return to the topic, some 
addittonal comments will be made here. 

If the quast-particles carry an electric charge —e, then tn the presence of an 
electromagnetic field the dertvative p = — de/@r contatns a further term, the Lorentz 
force on the charge. Accordingly, the left-hand side of the transport equatton 
contains a term 


The electric field is generally assumed to be weak, and in the term — eE . dn/dp it ts 
sufficient to put n =Nng. The magnetic field term is LaKicalle zero for a function 
no(€) that depends only on e. If the field is strong, however, tt may be necessary to 
retatn also the first-order terms tn 6n. These are 


a2 yp. 20m. e00e Vy OMe = eo . p {fon — ano BP} 
c dp de dp 


where v= d€,/dp. The factor dro/a@e which depends only on € can be taken under 
d/dp in the braces; its derivative is parallel to y and gives Zero on multiplication by 
v XB. These terms are thus brought to the form 


e gon 
- vXB-: ap: (74.26) 


which again contains 6f only. 


§75. Thermal conductivity and viscosity of a Fermi liquid 


The temperature dependences of the viscosity and thermal conductivity of a 
Fermi liquid can be established by stmple qualitative arguments (I. Ya. Pomeran- 
chuk 1950). 

According to the elementary formula (8.11) in the kinetic theory of gases, the 
viscostty is 7 ~ mNol, where m ts the particle mass, N the particle number density, 
bd the mean thermal speed and | the mean free path. In the present case, the 
particles of the kinetic theory are quasi-particles, but since the numbers of each are 
the same the product mN is a quantity independent of the temperature, namely the 
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density of the ltquid.t The speed 0 ~ vg, where vp ts the temperature-independent 
speed on the Fermt surface. The mean free path | ~ vet, where 7 is the time 
between quasi-particle collisions. This time varies with temperature as T~? (see SP 
2, §1), so that for the viscosity also 


n« TT, (75.1) 


The thermal conductivity ts estimated from (7.10): «x ~ cNol, where c is the 
specific heat per particle. For a Fermi liquid c x T, and so 


Ka Th, (75.2) 


For an exact determination of y and x, we have to use the transport equation. 
The sequence of calculation for the conductivity is as follows. 

The left-hand stde of the transport equation (74.4) is transformed tn a stmilar way 
to the procedure in §7 for the thermal conductivity of a classical gas. 

Let there be a temperature gradtent tn the liquid, which ts macroscopically at 
rest. The latter condition tmplies that the pressure ts constant throughout the liquid. 
and the temperature distribution is steady. On the left of (74.4), we substitute for n 
and € thetr local equilibrium values with a temperature varying through the liquid. 
Then de/dr = 0, and only the term vy. dno/dr remains (we omit the suffix 0 to € and 
vy). The functton n involves only the combination (e€ — )/T, and stnce we shall seek 
only the limittng forms as T -0, the chemical potential p(T) may be taken to have 
its value at T = 0 (which its the same as the limiting energy e,-). Then 


Vv. Ono/ar = (dnl dT )v . VT 
= fol no) €= BY oy 


T T 
and the transport equation becomes 
e—p 
No(1 ~ No) pr V- VT =I(¢), (75.3) 


with I(~) from (74.24). The solution of this equation must be subjected to a further 
condition which expresses the absence of any mucroscoptc mass transfer: 


ano dp _ 
| XO Se OahE (75.4) 


Because of this conditton, only the second term remains in the energy flux (74.23). 

As already noted in §74, equations (75.3) and (75.4) do not explicitly contain the 
quasi-particle tnteraction functton, so that the problem of thermal conduction in a 
Fermi liquid (and the same applies to the viscostty problem) ts formally identical 
with that for a Fermi gas. 


tSince we shall seek the limiting form of the function 7(T) at low temperatures, this limit is of course 
meant for all quantities which tend to a finite value as T > 0. 
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In all the integrals, the most tmportant region is that where € ~~ T and the 
Fermi distribution is blurred; the quasi-particle momenta are close to the radius pr 
of the Fermi sphere, and in this range € — p = u¢(p — pr). Wherever the momenta 
occur other than as the difference p— pr, we can put p =pr, and the speed can 
everywhere be equated to v,. In particular, this can be done in w, which then 
becomes a function only of the angles which describe the relative orientation of the 
vectors p, pi, p’, pi. For gtven p and py, the law of conservation of momentum fixes 
the angle between the vectors p’ and pj = p+ pi— p’; the integration with respect to 
this angle removes the delta function from the collision wntegral. There remain 
integrations over the magnitudes p; and p’ (and over the other angle vartables). The 
integration over these magnitudes is replaced by one.over T’ du; du’, where 
t =(€ —p)/T = ve(p — pr)T are variables on which the distributton functions no 
depend; in view of the rapid convergence, these integrations can be taken from — x 
to x, We then find that the whole integral [(¢~) is proportional to T, and the solution 
of (75.3) is 


g=-T “giv. VT. 


When this is substituted in (74.23), integration over the directions of v puts the heat 
flux in the form gq = — KVT, with 


= Same [ecu |? 


Nv 


Hence we see again that x x TT. 

The above simplifications of the collisjon integral are sufficient to solve the 
transport equation exactly (and the same is true of the viscosity problem). The 
formulae obtained for x and y express them in terms of the parameters pr and ve 
and the function w suitably averaged over directions.f 


$76. Sound absorption in a Fermi liquid 


It has been shown in SP 2 (§4) that the nature of waves propagating in a Fermi 
liquid depends essentially on the value of the product w7, where 7 is the mean 
free time. 

When w7 <1, we have ordinary hydrodynamic sound waves. The frequency and 
temperature dependences of the coefficient y for the absorption of these waves per 
unit distance can be found from the familiar formula y ~ w’n/pu’, where 7 is the 
viscosity, p the density of the liquid and u the speed of sound; see FM, §77. Since 
in a Fermi liquid n x T~?, we have 


y x w/T?. (76 1) 


+See G. A. Brooker and J. Sykes, Physical Review Letters 21, 279. 1968. 
¥1he results in this section are due to L. D, Landau (1957). 
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This result can be more formally derived by noting that the absorption is described 
by the first correction term (with respect to the small parameter) in the sound 
dispersion relation: 


k = (a/u)(1 + iaw7), (76.2) 


where a is a constant. The imaginary part of this expression (for a real frequency) 
gives y; since 7 « T~’, we return to (76.1). 

When w7 ~ | the absorptton becomes very strong, and the propagation of sound 
waves Cannot occur. 

When wr>t1 the propagation of weakly damped waves (zero sound) again 
becomes possible. The absorption is described by a correction teim in the dispersion 
relation, in this case involving the small parameter | /iw7: 


_ @ 


k=2 (1 + a), (76.3) 


OT 


where uy ts the speed of propagation of zero sound. The absorption coefficient ts 
accordingly proportional to the colliston frequency: y ~ 1/7, and the latter ts tn turn 
proportional to the squared width of the blurred region of the quasi-parttcle 
distribution. When fiw < T, this width is governed by the temperature, so that 
I/7 « T?, and the absorption coefficient is 


y=al’, T>ho> his. (76.4) 


If, however, fiw > T (but still fio <e- as the necessary condition for the whiole 
theory to be applicable), the distribution is blurred in a regton of w:dth ~fhw. The 
absorptton of zero sound is then 


y=bw’, hw>T. (76.5) 


This case includes, tn particular, zero sound of all frequenctes at T =0. It will be 
shown below that there is a relation between the constants a and b in (76.4) and 
(76.5). 

The difference in the nature of the absorption of ordinary and zero sound ts due 
to a difference in their physical nature. In an ordinary sound wave, tn any volume 
element small compared with the wavelength, the quasi-particle distributton cor- 
responds, tn the first approximation, to equtltbrium for a gtven local temperature 
and velocity of the liquid. In thts approxtmation, there is no dissipation, and sound 
absorption occurs only when we take into account the effect of the temperature 
and velocity gradtents on the quasi-particle distribution. In a zero sound wave, 
however, the vibrattons themselves cause the distribution functton to depart from 
equiltbrtum tn every volume element, and the collisions of quasi-particles cause 
absorption of sound. 

According to the basic ideas of normal Fermt liquid theory, a quast-particle in 
such a liquid may be regarded in one sense as a particle tn the self-consistent field 
of the surrounding particles. In a zero sound wave, this field is periodic in time and 
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space. According to the general rules of quantum mechanics, a colltston of two 
quasi-particles tn such a field ts accompanted by a change tn their total energy and 
momentum by fw and fik respectively: we may say that in the collision a ‘zero 
sound quantum” ts emitted or absorbed.* The overall effect of such colltstons ts to 
reduce the total number of sound quanta; the sound absorption coeffictent is 
proporttonal to the rate of thts decrease. 

With this approach, the absorption coefficient of zero sound ts 


y= | Winna(1 = nC = n3)— mins — mC = mp 


x 8(€] + €2 — €; — €2— ftw) 8(pi + p> — pr— p2— fk) x 
x dp, d’p2 d’p; d°p3l(2ah)”. (76.6) 


In the tntegrand, the delta functions which provide for the conservation of energy 
and momentum tm collistons are shown explicitly. The first term tn the braces 
corresponds to colltstons p), p2— pi, p> with absorption of a quantum, the second to 
Pi, P?—> p:, p2 With emtsston of a quantum. The function W, which ts related to the 
probability of “radtattve”’ collistons, ts determtned by the properties of the zero 
sound wave; this wave ttself may be regarded as propagating at T = 0 (see SP 2, 
§ 4), and W ts then tndependent of the temperature.t 

It ts, however, not necessary to know the functton W tf we seek only to express 
the absorption coefficient in terms of tts value tn the limiting case hw < T. To do so, 
we note that tn the integral (76.6) the only important values of the quasi-particle 
energies are those tn the regton of blurring of the Fermt distrtbutton. [In thts regton, 
the only factors tn the integrand which vary rapidly are those contatning the 
functions n(e). Moreover, the angle tntegrals in (76.6) are almost unchanged when 
we co from fiw < T to fiw > T. It ts therefore sufficient to calculate the integral 


5 = [ frns(1 = ni) =n) mins = nyc = ny} 
x &(e€; + €4—€; — €2— hw) de; de» de; d4, (76.7) 


taken only with respect to the energies. The proportionality factor between y and J 
depends only on w, not on T, so that it can be found from the limiting value of y 
when hol T <1. 


In the integral (76.7) we can, of course, neglect the slight distortion of the 
distribution function tn the wave, putting 
n(e) = [ele eur y he 
With the notatton 


x=(e-p)T. &= hol T, 


tSuch emission or absorption by one quasi-particle ts impossible, since the speed of zero sound exceeds 
the Fermi speed vr. 

$To avoid misunderstanding. it should be emphasized that W is not the same as w in the colliston 
integral (74.5). 
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we have 


T a (1 — e£)8 (x, +x5—- x, — X2 — €) dx, dx. dx‘ dx} 
(e+ 1)(e2 + IL + e “(1 + e 4) ; 


Because of the rapid convergence of the integral, the range of integration can be 
extended from —© to ~, 

To carry out the integration, we change to variables y,, y2,u;,u2, where y = 
x~-x',u = e*, The integration with respect to u; and u2 is elementary, and gives 


Ty <-e (yi + y2t €) du, dur dy, dy 
20) oh ie Gain + Dua + Iya, + e\(ua + &%) 


ze [ * yiy26(yi + y2t €) 


-« J-0 (1 - e")(1 — e”) dy, dy. 


=| y€+ yf ot4- aaa st} os. 


To calculate thts difference of two divergent integrals, we first put in a fintte lower 
limit —A, writing 


rp= NET) ay -[ y(y — US) ay 


hie Ar e*— | 


=2¢[ By: [. GaP ay 


Intending to take the limit A>, we neglect e” tn the denominator of the second 
integral. The first tntegral ts transformed as follows: 


3 0 
y —_ y ) am 
| ea L ener] eyo 


Cancclling terms and then taking the limit A>, we have finally 
J =F WET 4 €7/477°), 


The proporttonaltty factor between y and J is found, as already mentioned, from 
the condition that when € <1 we have y = aT* from (76.4). This gives 


y = alT? + (heo/27)'). (76 8) 
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In particular, tn the limit of high frequencies hw > 7, we hence obtain 
y = (al4n\(how), (76.9) 


which establishes the relation between the coefficients tn (76.4) and (76.5). 


§77. Transport equation for quasi-particles in a Bose liquid 


If the mean free path of quast-particles in a Bose superfluid ts small in com- 
partson with the characteristic dimenstons of the problem. the motton of the liquid 
ts described by the Landau equations of two-velocity hydrodynamics (see FM, 
Chapter XVI). The disstpative terms in these equattons contain several transport 
coefficients (the thermal conductivity and four viscosity coeffictents). Thetr cal- 
culation requires a detailed discussion of various scattering processes, the multi- 
plicity of which is due to the extstence of two types of quasi-particles (phonons and 
rotons). Actually, in liquid heltum, the sttuation is further complicated by the 
instability of the initial part of the phonon spectrum. Such topics will not be 
discussed here. 

The mean free paths of the quasi-particles increase as the temperature falls, if 
only because of the decrease in thetr number density. Hence, at sufficiently low 
temperatures, there can eastly be a considerable disequiltbrium of the quasi-particle 
system. Under these conditions, the equations of two-velocity hydrodynamics are 
not applicable. The concepts of the temperature and of the normal velocity v,, also 
cease to be meaningful (they can be defined only in terms of an equilibrium 
distributton of quasi-particles), and along with v, so does the separation of the 
liquid density into superfluid and normal parts. The total density p and the 
superfiutd velocity v,, however, retatn thetr meaning, and tn this respect are 
essentially mechanical variables. The whole set of equations describing a superfluid 
must then consist of the transport equatton for the quast-particle distributton 
function n(t,r, p), the continutty equation for the density p, and the equation for 
the velocity v,. 

The transport equatron has the usual formt 


dn on d€ on dé 
—-+ gj en a aye = ai 
ot oar Op ap ar C(n), GEN) 


where € is the aerate energy, depending on the superflutd velocity v, as a 
parameter; the symbol € ts retatned for the quasi-particle energy tn a fluid at rest. 
The relation between e€ and € ts established as follows. 

By definttton, e(p) is the disperston relation for quast-particles tn a frame of 
reference Kg such that y, = 0. That is, tn the presence of only one quast-particle the 
energy of the liqutd (relative to that at T = 0) is e(p), and tts momentum ts equal to 
the momentum p of the quast-particle. We make a Galilean transformation to a 


tIt is. of course, assumed that the quasi-classicaltty condition is satisfied: all quantities vary only 
slightly over distances of the order of the quasi-particle wavelength hip. 
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frame of reference K at rest, in whitch the superfluid velocity ts y,. In this frame, 
the energy and momentum of a mass M of the liquid are 


E=e(p)+p.v,+iMvZ, P=p+ My,. (77.2) 


From thts we see that, tn a Itquid in superflutd motton, the energy of a quast- 
particle ts 
€(p) = e(p) + p- vs; (77.3) 


cf. the arguments tn the derivation of the superfluidity conditton (SP 2, § 23). 
The derivatives which occur in the transport equatton are thereforet 


Oe 4 6 
dp op ° 

77.4 
d€ dE ( ) 


a 0€, 0. — 9€ 
re ant op (P: ¥s) af Vp + (p. V)v,. 


In the second equation, we have used the facts that the energy € depends on the 


variable density p, and so may depend on the coordinates; and (in transforming the 
derivative of p.v,) that the superfluid flow is always a potcnttal flow: 


curl y, = 0. (77.5) 
The continuity equation for the density ts 
dplat + divi = 0, (77.6) 
where i is by definttton the momentum of the liquid per untt volume. An expresston 
for i can be found directly from the second formula (77.2) by summation over all 
the quast-particles in unit volume: 


i= pv, +(p). (77.7) 


Here and in the rest of §77, the angle brackets denote integration over the 
Momentum distribution: 


oe ie _ond'ph2ahy?. 


It remains to derive an equation for the superflutd velocity. To do so, we start 
from the law of conservatton of momentum, expressed by 


di, , ATlag _ 
vie (77.8) 


tFormula (77.2) has been derived, strictly speaking, for a homogeneous superfluid flow (v,= 
constant). In an inhomogeneous flow, the energy may contain terms in the Spatial derivatives of vs. 
However, if v; is assumed to vary slowly, these terms would lead to corrections of higher orders of 
smallness in the transport equation. 


FR ue 
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where i is given by (77.7) and Ilag is the momentum flux tensor. Let IT% be the 
value of this tensor tn the frame of reference Ko. Transformation to the frame K 
yteldst 
Tag = 19} + prsatsg + Vsaig” + Usgiae™ 
= TG} + pvsudsg + vsa{Pp) + Usp (Pa); (77.9) 
i =p) is the momentum per unit volume of the liquid in the frame Ko. This 
determines the dependence of the tensor Il,g on the velocity y,. 

For a further transformation of equatton (77.8), we go back to the transport 
equation (77.1), multiply it by p,, and integrate over d’p/(27h)’. Because the total 
momentum of the quasi-particles is conserved in colltstons, the right-hand side of 
the equation becomes zero. The integral on the left-hand side ts transformed 
exactly as in the derivation of (74.10), giving 


a a ES (3), 
af (Pa) + aXp 2 (p. ape! \axe o 110) 


We now substitute tn (77.8) the expresstons (77.7) and (77.9) for i and Il.g, and 
then eltminate dp/at and d{p)/at by means of (77.6) and (77.10). The result is 


Oe, 9 ve, LAM 1 (ac) sp 12 ae) 
ot = OX, 2 p 9X, p \dp/ dx, p axg \'" apg 
From the condition curl y, = 0 (which has already been used in the second term) it 
follows that the sum of the last three terms must be the gradient of some function. 
Moreover, the tensor II} in the absence of quasi-particles must be equal to Pod.g, 
where P,(p) ts the pressure of the Itquid at T = 0. These arguments give as the only 
possible form of TI" 


11%) = (p. del dPg) + SuglPo + p{deldp)). (77.11) 


The equatton for v, now becomes 


ae ele 
~ Meev[bott aan ce all (77.12) 


where pio is the chemical potenttal of the liquid (at T = 0), related to the pressure Po 
by the thermodynamic formula dpy = mdPolp (where m ts the mass of a Itquid 
particle and m/p the molecular volume). 

Equattons (77.1), (77.6) and (77.12) for a complete set for the description of a 
superfluid tn the non-equiltbrium state (I. M. Khalatnikov 1952). 

For completeness, let us also consider the law of conservation of energy. This ts 
expressed by 


aE/at + div q = 0, (77.13) 


tThe Galilean transformation formula for Tl. is easily found by considering a classical system of 
particles, for which Ilag == patg == mvatg, Where the summation is over al] the particles in unit 
volume. 
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where q ts the energy flux tn the liquid. According to (77.2), 
E = E(p) + (e) + vs. <p) + 2pvs, (77.14) 


where E,(p) ts the energy at T =0, related to the chemical potential by dE, = 
podplm. By differentiating (77.14) with respect to time and using the equations 
already available for the vartous quantities, the energy flux can be found. Passing 
over the calculations, we shall give the final result: 


q = ((p) + pv.)| He + ee + iv2| + ((e +p.¥,) ioc + v.)). (77.15) 


The equtltbrium quast-particle distributton functron tn a eae of reference 
where the ‘“‘quast-particle gas” ts at rest as a whole (t.e. the normal velocity v, = 0) 
ts the ordinary Bose distribution with the quast-parttcle energy € gtven by (77.3). 
The distribution tn a frame where the normal velocity ts not zero ts obtatned on 
replacing € by €—p.v,. Thus the equilibrium distribution of quast-particles when 
both mottons are present is 


Suse. 4 | 


n(p) = [exp F (77.16) 


By averaging the above equattons over thts distribution, the equations of two- 
velocity hydrodynamics (without the dtssipatrve terms, in this approxtmation) can 
be derived, but we shall not pause to do so here. 


PROBLEM 


Determine the sound absorption coefficient in a Bose liquid at frequencies w > vy. where v is the 
quas-particle collision frequency. The temperature is assumed so low that almost all the quasi-particles 
are phonons (A. F. Andreev and I. M_ Khalatnikov 1963). 

SOLUTION. Under the conditions stated, we can neglect the collision integral in (77.1). We put 
p = pot &p, n =no+ dn (where dp and 6n are small corrections to the equilibrium density of the liquid 
and the equilibrium phonon distribution function), and linearize equations (77.1), (77-6) and (77.12) with 
respect to the small quantities 5p, 62 and v,. Assuming all these proportional to exp(—twt + ik.r), we 
find 


(kv wy = SE v k(SE Bp +p-m), (1) 
wop-k.vp= | k-pin d‘pi(2ah)' (2) 
wv, ~kuo Spip =k { {n(a*efap")Sp + (defap)hn} d’p|(Qahy. (3) 


Here we have used the thermodynamic relations 
d(polm) = dPolp = us'dplp, 
where wo is the speed of sound at T = 0: the subscript 0 to p and 7 is omitted here and henceforward. 
Since the number of phonons is small at temperatures near zero, the expressions on the right of 


equations (1}-(3) are small corrections. Omitting them altogether, we have from (2) and (3) 


w= yk, vy, = Ho( Spl p kik. (4) 
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In the next approximation we substitute these on the right of (1): 


dn pcosé dé | puto ) 
= (— + cas 055 
of de v cos 6— wk (G p es ie (6) 


where @ is the angle betwecn p and k. The phonon disperston relation ts written 
e(p) = wop(h + ap’). v = defap = u(1+3ap’), 


including the next term after the linear one in the expansion, for Itquid helium at ordinary pressures, 
a > 0, which means that the phonons are unstable with respect to spontaneous decay. 

The presence of a “resonance” denominator in (5) leads (see below) to a large logarithmic factor in 
the integration. We use only logarithmic accuracy and neglect on the right of (3) the term in &p, which 
does not have sich a denominator. Then. climinating v, from (2) and (3), we finally arrive at the 
dispersion relation 


é 2 ‘ ‘ 
ety MO E nee 3 
re to =A p l= 8—1+3ap°—1i0 de (2h)? ae 


where 


(yp 2 dey’ 
A=(1r Bo). 


The imaginary part of the integral with respect to cos @ is determined by passing round the pole (which 
is in the range of integration « > 0). The real part is culculated with logarithmic accuracy by cutting off 
the integration at the lower limi 1— cos @ ~ ap? ~ aT?) and at the upper limit | —cos @ ~ 1. The 
left-hand side of equation (6) is written as 2uadu — uny/w), where y ts the absorption coefficient and 5u 
the correction to the speed of sound (u = ua+ 6u). Calculation of the integral gives 


Su = (3patenAl/4p) logttun'/aT’), ¥y = 31rapnAl4p, (7) 


where px = 27°T*/45h'ua is the phonon part of the normal density of the liquid. The frequency and 
temperature dependences of y ure, of course, the same us those found in §73. 


CHAPTER IX 


METALS 


§78. Residual resistance 


THE transport properties of metals are considerably more complex than those of 
insulators, if only because they contain quasi-particles of different kinds (conduc- 
tion electrons and phonons). 

The electric charge is, of course, transported by the conduction electrons. Heat 
transfer, on the other hand, is by both electrons and phonons. In practice, however, 
the electrons are also predominant in thermal conduction in metals of sufficiently 
high purity, mainly because their speeds (v;- on the Fermi surface) are much greater 
than those of the phonons (the speed of sound). Moreover, at low temperatures the 
electron specific heat considerably exceeds the phonon specific heat. 

The conduction electrons undergo collisions of various types: with one another, 
with phonons and with impurity atoms (and other lattice defects). The collision 
frequency for the first two types decreases with the temperature. At sufficiently 
low temperatures, therefore, the scattering of electrons by impurities is the deter- 
mining factor in transport phenomena, This range is called the residual resistance 
range, and we shall consider it as the first topic in the kinetics of metals. 

The relations between the electric current j and the dissipative energy flux q’ in a 
metal, and the electric field E and the temperature gradient, have the form (44.12), 
(44, 13): 


E+ V(ple)= j/o+ aVT, (78.1) 
q = q-(¢- ple)j = aTj— «VT. (78.2) 


In this form they apply to crystals with cubic symmetry, and for simplicity this 
symmetry will everywhere be assumed. For crystals that do not have cubic 
symmetry, the coefficients o, x and a@ are replaced by tensors of rank two. The 
relation (78.2) is more convenient to use if j in it is expressed in terms of E by 
means of (78.1): 


"= oaT [E+ V(p/e)] — (x + Toa’)VT. (78.3) 

The discussion tn §74 about the transport equation for a Fermi liquid remains 
largely valid for an electron liquid in a metal. The momentum of the quasi-particles 
is here replaced by their quasi-momentum, and the form of the Fermi surface is in 


general complex and different for each individual metal. 
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The transport coefficients for a metal are tn principle calculated by means of the 
linearized transport equation 


—eE.vdnolde +v. dnofar = [(6n), 


where v = de/ap, and the collision integral is linearized with respect to the required 
small function 54 defined by (74.13). Differentiation of ng with respect to r can be 
arbitrarily carried out with 2 = constant, since the gradient of » would still enter in the 
combination eE + Vp, as it should by (78.1). Then 


dng _ E— PAN 
aT T de’ 


and the transport equation takes the form 


2 ES Bey) yO sa; 
(ce+ ; vr) volt = 1(3f). (78.4) 


The current density and the dissipative energy flux are given by the integrals 
j=-e | vaa .2d*pilQah), q'= [re — p)w6n . 2d pi(2ah)’; (78.5) 


when q’ is calculated as the flux of the kinetic energy €—p, there is no need to 
subtract the convective transport of potential energy, yj 

A characteristic of conduction electron scattering by impurity atoms is that it is 
elastic. Because the atoms have a large mass and are “bound” in the lattice, the 
electron energy may be regarded as unchanged in a collision. We shall show that 
the assumption of elastic scattering is by itself sufficient to give a simple relation 
between the electrical and thermal conductivities of the metal. 

To obtain this, we note that the elastic collision operator does not affect the 
dependence of the function 6f on the energy €; the collisions simply move the 
particles on the constant-energy surface. This means that any factor in 6 which 
depends only on € can be taken outside the operator I. We can therefore seek the 
solution of the transport equation in the form 


ang 
de 


on = F 


(ce +<S# VT) “1, (78.6) 
where |(p) satisfies the equation 
I()=~—v. (78.7) 


The current density calculated from the distribution (78.6) is 


ang _2d'p 
de (27h)* 


j=-e | fece.nv+ SH a.vryy} (78.8) 
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The first term gives the conductivity tensor 


2 on 2d3 
Oop = —€2 | vale ae Ont (78.9) 


Ina crystal with cubic symmetry, ogg = GSag, and the conductivity is 


Cah Ono 2d’p 
a ae five (Qahy” 


or, transforming the integral as in (74.18)-(74.20), 
Cae Se { |. v dS/v(2ah)’. (78.10) 


The integration in Jp is taken over all sheets of the Fermi surface within one unit 
cell of the reciprocal lattice. 
Similarly, the second term in (78.8) gives on comparison with (78.1) 


_2e ang _d’p_ 
Aga Cake DW Se QahyP 


where 1 =e-—p. The integration over d’p is replaced by integration over the 
constant-energy surfaces 7 =constant and over y. Again with J as in (78.10), we 
find 


_ 2€ fy, dno 
ao = 56 | Jn an dn. (78.11) 
The function 
Ng I 


Ge ~ T(e™™ + 1y(e7"™ +: 1) 


decreases exponentially as 7 > +; the integration with respect to 7 can therefore 
be extended from —< to +. The integral is governed mainly by the range |y| ~ T; 
J(m), on the other hand, varies significantly only in the range 7 ~ p> T. It is 
therefore sufficient to write 


J~Jp+7 d3lder. 


On substitution in (78.11), the integral of the first term is zero, because the 
integrand is an odd function of 7: the second term gives 


_ 2¢ AI 4 f"2dNo 
3T de; 0 a on 


_ _8e dJ i d 
aT den, 


ag 


dy 
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The integral 


(3 midi, W 2 
=—-J?: 
0 


using also (78.10), we find 


aT dlogJ 
= —-—— 78.12 
. 3e der : ( ) 


In order of magnitude, |a| ~ T/ee;. 
Let us now put E = Oand calculate the energy flux. Again using the cubic symmetry, 
we find 


,_2VT [* | 20no 
= 37° [4 a dy. 


Here it is sufficient to put J = J;, which gives 


; _2n? 


q = THVT. 


Comparison with (78.3) and (78.10) shows that 
k + Too? = 7’ oT/3e”. 


From the estimate of a given above, the term Toa’ on the left is small compared 
with the right-hand side, in the ratio (T/e-)’. Neglecting this term, we have finally 
the following relation between the thermal and electrical conductivities: 


kK =(7’T/3e’)o, (78.13) 


the Wiedemann—Franz law.t 

We must again emphasize that the proof of this relation uses only the fact that 
the scattering of conduction electrons is elastic. An examination of the proof also 
readily shows that the assumption of cubic symmetry merely simplifies the for- 
mulae, In the general case where the crystal has any symmetry, a similar relation 
(78.13) exists between the tensors Kap and oop. 

To find the temperature dependence of the coefficients x and o separately, the 
collision integral is needed. For collisions with impurity atoms, its form is exactly 
analogous to the integral (70.3) for phonon scattering by impurities: 


C(n) = Ninp | #(p, p’)In' — n)— n(i -—n’)]8(e - €'). 2d? p'|(2ah)*. (78.14) 


+A formula of the type (78.13) was derived qualitatively by P. Drude (1900), who first formulated the 
concept of conduction electrons participating in the thermal equilibrium of the metal. The quantitative 
result in classical statistics was given by H. A. Lorentz (1905), and in Fermi statistics by A. Sommerfeld 
(1928). 
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The factors 1—n and I~n’ take account of the Pauli principle (a transition can 
take place only to an unoccupied state); the factors n’ and n signify that scattering 
can occur only from an occupied state. As in (70.3), it is assumed in the integral 
(78.14) that the impurity atoms are randomly distributed and that the mean distance 
between them is much greater tian the scattering amplitude; the various atoms 
then scatter independently. The equation w(p, p') = w(p’, p) has already been used 
in (78.14). The Born approximation is in general not applicable to the scattering of 
conduction electrons by impurity atoms. The equation as given can be justified by 
the arguments used in deriving the principle of detailed balancing in the form (2.8). 
Here, however, it is implied that the positions occupied by the impurity atoms in 
the metal lattice have a symmetry that allows inversion. 

The linearization of the collision integral amounts to replacing the difference 
n'(l—n)—xnU—a')=n'—n by 6a'— 5A, Equation (78.7) then becomes 


Nimp | #(p, p')(I' — D(e — €’) . 2d *p'J2Qah) = —-v. (78.15) 


This does not involve the temperature. The solution g(p) is therefore also 
independent of the temperature, as is the conductivity o, by (78.10). Thus, at 
sufficiently low temperatures, when the scattering by impurities is the chief 
mechanism of electrical resistance, the resistance tends to a constant (residual) 
value. Accordingly, the thermal conductivity « in this range is proportional to T.T 

For a rough quantitative estimate of the residual resistance, we can use the 
elementary formula (43.7), putting (for electrons in a metal) p ~ pr: 


oa ~e’NIlpr, (78.16) 


where N is the electron density. For scattering by impurities, the mean free path 
I~ 1/Ninp0, Where o; is the transport scattering cross-section. Hence the residual 
resistance Pres = I/o is 


Pres ~ NimpOiprle*N. (78.17) 


A further comment should be added to the above discussion. The general 
condition for the applicability of the transport equation tod a Fermi liquid requires 
that the quantum uncertainty of the electron energy should be small in comparison 
with the width (~T) of the thermal blurring of the Fermi distribution. This 
uncertainty is ~h/z, where 7~I/vp is the mean free time. For scattering by 
impurities | ~ 1/Ninpor; the uncertainty h/z is independent of the temperature, and 
therefore blurs the Fermi boundary even when T = 0. At first sight, it follows from 
this that the whole of the above discussion is subject to the very severe condition 


T > horo:Nump, (78.18) 


tIn this analysis it is assumed thal equation (78.15) does not contain quantilies that vary rapidly near 
€ = €f, and so I can be replaced by Ir in (78.9). This is true for scattering by ordinary impurities. but not 
for scattering by paramagnetic atoms. 


334 Metals 


depending on the impurity concentration. In reality, however, there is no such 
limitation (L. D. Landau, 1934). 

The reason is that, because of the fixed positions of the impurity atoms and the 
elasticity of electron scattering by them, the whole problem of calculating the 
electric current can in principle be formulated as the quantum-mechanical problem 
of the motion of an electron in a given complex external field having a potential. 
For electron states determined as stationary states in this field, the energy has no 
uncertainty; at T = 0, the electrons occupy a range of states bounded by a sharp 
Fermi surface, but in the space of quantum numbers for motion in the field, not in 
momentum space. With this formulation of the problem, conditions of the type 
(78.18) do not arise. 


§79. Electron—phonon interaction 


In sufficiently pure metals, the chief mechanism for the establishment of equili- 
brium over a wide temperature range is the interaction between conduction 
electrons and phonons. 

The condition for an electron to be able to emit (or absorb) a phonon requires 
that the speed of the electron be greater than that of the phonon; compare the 
analogous result in §68 for the emission of a phonon by a phonon. The speed of 
electrons at the Fermi surface is, however, usually large in comparison with that of 
the phonons; the condition is therefore satisfied, and the main contribution to the 
electron-phonon collision integral comes from just these one-phonon processes. 

The collision integral then has the following form, analogous to the phonon- 
phonon integral (67.6): 


Cepr(np) = [ve k; p){n,( on nN, o a, a: nC a N,)} x 

x 8(€, — Es — Ox) d‘kiQany 

+ | wp’ p, k){n, (i — n,)(l + Ni) — ni — 1 )Ni} x 

x §(€,+ wx — €,) d°k{(277)°. (79.1) 
The first term corresponds to processes with emission of a phonon having quasi- 
momentum k by an electron having a given quasi-momentum p, and the reverse 
processes with absorption of a phonon k by electrons p' with return to the 
quasi-momentum p: 


p=pt+ktb; (79.2a) 


in these processes, the transitions take place between an electron state with given 
energy €, and states of lower energy. The second term corresponds to processes 


tin §§79-83 the units used are such that h = I. 
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with absorption of a phonon by an electron p and the reverse processes of its 
emission by electrons p’: 
p+k=p’t+b; (79.2b) 


in these processes, the transitions take place between a specified electron state and 
ones of higher energy. For the same reasons as in the case of phonon emission by 
phonons (866), the value of b in the equations (79.2) is uniquely determined by 
specifying the values of k and p with the requirement that p’ should be in the same 
selected cell of the reciprocal lattice. The delta-function factors in (79.1) express 
the law of conservation of energy; €, is the electron energy and «, the phonon 
energy. As in Chapter VII, the phonon distribution function (numbers of occupied 
states) is denoted by N,; the electron distribution function is denoted by n,. The 
subscripts marking the branch of the phonon spectrum, and the signs of summation 
with respect to these, will be omitted, for brevity. It is assumed that the transition 
probabilities are independent of the electron spin, which is unchanged in the 
transition. 

There is a similar expression for the phonon-electron collision integral which is 
to be added to the phonon-phonon integral on the right-hand side of the transport 
equation for the phonon distribution function: 


Cone(N,) = | w(p; p', k){mt,(1 ~ ng) + Ny) — ny(1— n,)Nud 
X 8(€, + wy — €,).2d'pl(27)', (79.3) 


with p = p’+k+b. This is the difference between the number of phonons k emitted 
by electrons with any quasi-momenta p and the number absorbed by electrons with 
any p’. The factor 2 allows for the two possible spin directions of the emitting or 
absorbing electron. 

In first-order perturbation theory, the probabilities of phonon emission or ab- 
sorption by an electron which occur in these integrals are determined by the 
electron-phonon interaction operator linear in the phonon opcrators U,(n) (66.2): 
the linearity corresponds to the fact that these operators are responsible for 
transitions in which only one of the phonon state occupation numbers changes by 
unity. Without repeating the discussion in 866, we may note that, in the limit as the 
phonon quasi-momentum k tends to zero, the phonon emission or absorption 
probability is proportional to k: 


wok, (79.4) 


According to a general property of transition probabilities in the Born ap- 
proximation, the probabilities of the direct and reverse transitions are equal, and 
sot 


w(p’, k; p) = w(p; p’, k). (79.5) 


#The quantum numbers i and f of the initial and final states are always written in the order fi in the 
notation for the probability. 
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This property has already been made use of in the integrals (79.1) and (79.3). 

A further simplification is achieved by taking into account the symmetry 
(expressed by the fact that the operators U, are real) with which the phonon 
creation and annihilation operators appear in the electron-phonon interaction 
operator. Because of this, the emission of a phonon with quasi-momentum k is 
equivalent to the absorption of one with quasicmomentum —k. We shall also use 
the fact that the electron energies €, and €, are close to the Fermi energy e,. Let pr 
and pz be vectors in the directions of p and p’, ending on the Fermi surface, and let 
the functions w be expressed in terms of the directions of pr and pr and the 
differences n, = €)— €r, Ny = €, — €e Which represent the closeness of the electron 
energy to eg. As regards these variables, w is a slowly varying function, which 
changes appreciably only in ranges ~€- > T. Neglecting quantities ~7 ~ T, we can 
put 7,=7n,=0 in these functions. The equivalence mentioned above is then 
expressed by the equation 


w(pis Kk; pr) = (pF; pr, —k), (79.6) 


the w being functions only of the directions of pe and py. If now we change the 
variable of integration k to —k in the second term in (79.1), the coefficients w in the 
two integrals become equal; since w_, = @,, the change simply replaces N, by N_,. 

The integrals (79.1) and (79.3) are, of course, zero when the equilibrium electron 
and phonon distribution functions are substituted. The linearization of these 
integrals for small deviations from equilibrium is carried out simultaneously with 
respect to both distribution functions, which we write as 


n=nj)(e)+ 64, N =No(w)+ dN, 


= __ __dNo _ no(1 — no) 
Oe wae aa (79.7) 
__aNo. _ Nol + No) 
he aw * T x: 


The transformation is exactly similar to those in §§67 and 74. For example, the 
expression in the braces in the first term in (79.1), rewritten as 


te ea ee 


is put into the form 


ng(l —ni\(1+ Ndae’—@ +x). 


This is conveniently transformed further by means of the equation 


no(e)[1 — no(e’)] = [no(e) — no(e’No(e — €’), (79.8) 
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which is easily verified by direct calculation. We then find 


r~NAlL+N ; aN Keo 
(no~ ni) NEN — e+ X)=— Zr (no~ nN =o y): 


The other terms are transformed similarly, leading to the following linearized 
collision integrals: 
a _ ONo j 
Cepn() ae Teptl@, x) oe Dep Y Ho— nal(ep — Qpt x5 (Ep — ey — wx) 


(Pp — Op—X wW5(Ep— Ep + wx)} d*kI27)', (79.9) 


oN j 7 
Cone(N) = Tones @) = xe W(No — No Pp — Op + XWS(Ep— Ey — Oy) - 2d'pi(27)'; 
(79.10) 


in both integrals, p= p’ +k +b. 
These integrals fall naturally into two parts, the linear integral operators acting 
on » and y respectively. For instance, 


Tegn(s X) = Tepe) + Fegn(x). (79.11) 
An important property of the operator It}, is that it does not change the parity of 


the function ¢(n, pr) with respect to the variable 7, i.e., it leaves even and odd 
functions the same: as regards its effect on a function of n, 


I(@(m))~ | Role Sead 


where 
K(y, 7’) = [no(n’) — no(m ILS (m — n° — &) — 8(n'— H ~ I. 
Since 
non) =3[] — tanh(y/2T)], (79.12) 
and so 
Aon’) — No(q) = 2[tanh(y/2T ) — tanh('/2T)], 
we see that 


K(n, 7') = K(-9,- 7), 


and this immediately yields the above-mentioned property of the operator, which 
will be used in §§80 and 82. 
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The collision integrals (79.9) and (79.10) are identically zero for the functions 
© =constant Xe, y =constant Xo, (79.13) 


with the same constant. This “spurious” solution of the transport equation cor- 
responds, like the solution (67.18) in the phonon-phonon equation, to a change in 
the temperature of the system by a small constant amount. The integrals (79.9) and 
(79.10) are, however, also zero when 


gy = constant (79.14) 


and vy = 0. This solution is due to the constancy of the total number of electrons 
(unlike the total number of phonons); formally, it corresponds to a change in the 
chemical potential of the electrons by a small constant amount. 

To proceed to quantitative estimates, we note that the orders of magnitude of the 
parameters of the electron spectrum in a metal can be expressed in terms of the 
lattice constant d and the electron effective mass m* only; for example, the Fermi 
momentum (in ordinary units) is pp ~ h/d, the speed vr ~ prim* ~ h/m*d, and the 
energy €- ~ vp ~h’/m*d’. The parameters of the phonon spectrum and _ the 
electron-phonon interaction also contain the mass M of the atoms. The density of 
the substance p « M, and the speed of sound u « p™'’ « M~'?: making the dimen- 
sions right by means of h, d and m* (which can be done in only one way), we 
obtain the estimate 


U ~ ve(m*]M)'”. (79.15) 


Hence the Debye temperature is 
© ~ hamax ~ huld ~ e-(m*{M)'”. (79.16) 


The mass M appears in the electron-phonon interaction operator only through the 
displacement operators U, (66.2) of the atoms; this interaction involves no other small 
terms in 1/M, its energy being ~e- when U,~d. The matrix elements of the 
operators U,, and therefore those of the electron-phonon interaction operator, are 
x (Mw) '? « M~"*; for a given quasi-momentum k, the frequency w ~ uk « M7", 
The scattering probability is given by the square of the matrix element. Hence the 
function w in the collision integral is proportional to M~'’, or, making the 
dimensions right, 


Ww ~ @v,-d?. (79.17) 


This estimate needs modification in relation to the emission or absorption of a 
long-wavelength acoustic phonon. The fact that w is then proportional to k means 
that the estimate must include an extra factor k/Kmax ~ kd: 


w~ Ovekd’. (79.18) 
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§80. Transport coefficients in metals, High temperatures 


At high temperatures T >©, phonons with all possible quasi-momenta are 
excited in the crystal, up to the maximum value, which has the same order of 
magnitude as the electron Fermi momentum: ky, ~ pr ~ 1/d. By the definition of the 
Debye temperature, the maximum phonon energy max ~ ©, and so w <T for all 
phonons. 

Under these conditions, therefore, the phonon energies are small compared with 
the width of the blurred region in the Fermi distribution of electrons. This enables 
us to treat phonon emission or absorption approximately as elastic scattering of an 
electron. The scattering angles are not small, since the electron and phonon 
quasi-momenta under these conditions are of the same order of magnitude. 

At high temperatures, when the phonon state occupation numbers are large, the 
establishment of equilibrium in each volume element of the phonon gas (phonon- 
phonon relaxation) takes place very quickly. We can therefore regard the phonon 
distribution function as being the equilibrium one when considering the electrical 
and thermal conductivities, i.e. take x = 0 in the collision integrals (a quantitative 
estimate of y will be made at the end of this section). That is, it is sufficient to deal 
with the transport equation for electrons only. 

It may be noted at once that, in an approximation which assumes the electron 
scattering elastic, the results of §78 remain valid that were based only on this 
approximation, including the Wiedemann—Franz law (78.13) which gives the ratio 
olx. To determine the temperature dependence of o and « separately, however, it 
is necessary to examine in more detail the electron-phonon collision integral (79.9). 

Under the conditions in question, this integral is greatly simplified. Because the 
phonon energy w = +(€’—€) is small, we can expand the difference ng—no in 
powers of w:T 


nNo— No = £wdnol de. 
We can then put w = 0 in the arguments of the delta functions, obtaining 


(@) = 2{ wi oNeine 
Ten 


a5 (6 — eo" - oor 


When w <T the phonon distribution function No =~ T/w, so that @No/aw + —T/w?. 
The derivative @no/de ~ —1/T. The integral is governed by the range k ~ kmax in 
which w ~ ®. When the delta functions are taken into account, the integration over 
d*k adds a factor k2,,/ve to the estimate of the integral: 


Ione) ~ —w(TIO)\(ki.x/ ve)! T. 


With (79.17) this gives 
Tele) ~ —@ ere TON, (80.1) 
+The presence of w in this difference is consistent with the approximation that the electron scattering 


is elastic It is necessary because, in bringing the collision integral to the form (79.9), we used equation 
(79.8), the right-hand side of which becomes indeterminate when ¢ = €’. 


340 Metals 


This means that the electron-phonon collision frequency v¢,,~ T (T/h in ordinary 
units), the mean free path | ~ vp/T, and (78.16) gives for the electrical conductivity 
(in ordinary units)T 


o ~ Ne*h|m*T. (80.2) 


The electrical conductivity of the metal is thus inversely proportional to the 
temperature when T > ©. The Wiedemann—Franz law then shows that the thermal 
conductivity is constant: 


k ~ Nh/m*, (80.3) 


Let us now estimate the correction functions g and y in the electron and phonon 
distributions in order to justify neglecting x in the collision integral. We can do 
this, for instance, in the case where there is an electric field but no temperature 
gradient. 

Since the electric field does not affect the motion of the phonons, the left-hand 
side of the transport equation for phonons is zero. The equation therefore reduces 
to the vanishing of the sum of the collision integrals for phonons with electrons and 
Phonons with phonons: 


TR o) + FRY) + Tonpt(X) = 05 (80.4) 


the superscripts (1) and (2) distinguish the two parts of the integral (79.10) in the 
same way as was done in (79.11). 

The integral Jpne is estimated similarly to J.,, above. Here, however, we must 
take into account that the integration over the electron quasi-momenta p is in 
practice taken only near the Fermi surface, over the volume of a layer with 
thickness ~T/vg and area ~p;’. The delta function adds a factor l/e: to the 
estimate of the integral. The result is 


2 T Tp? 
TRAx)~ —wWR EE ~—xTlen TR) ~ —oT ler. (805) 


The phonon-phonon collision integral is estimated as 
Tonph(X) a ae VohphO N opi Vph.ph( T/O’)y, 
with the effective collision frequency from (68.3): 


Vph.ph ~~ T/ Mud = TV(m */M). 


tNote that the quantum uncertainty of the electron energy, ~hvepn ~ T, is of the order of the width of 
the blurred region in the electron distribution, This fact, however, does not make the results inapplic- 
able, for a reason similar to that given at the end of §78 in connection with scattering by impurities. 
Because of the relative slowness of the vibrations of atoms in the lattice, and the elasticity of electron 
scattering, the problem can in principle be formulated as that of electrons moving in the given potential 
field of the deformed lattice. 
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Thus 
Ipnon(X) ~ —(T7/°YV (mm *]M )y ~ T?x/Oer. (80.6) 


Comparison of (80.5) and (80.6) shows, first of all, that 
IG (x) Tonpn(X) ~ O/T <1: 


the effective frequency of phonon-electron collisions (for equilibrium electrons, i.e. 
with ¢~ = 0) is small relative to the phouon—phonon collision frequency. We can 
therefore neglect the second term in (80.4). Comparison of the two remaining terms 
gives 


xlp ~ OT <1, (80.7) 


and this justifies neglecting y in the electron-phonon collision integral. It is easily 
seen that the same result (80.7) is obtained when a temperature gradient is present. 
The neglect of the function x in the electron transport equation may, however, 
be impermissible in the treatment of thermoelectric phenomena. 
According to (78.12), the derivation of which was based only on the assumption 
of elastic scattering of electrons, the thermoelectric coefficient is 


a! ~ Tees: (80.8) 


the meaning of the superscript |! will be explained later. This quantity is 
“anomalously” small in the sense that the order of magnitude of the integral in 
(78.8) (the second term) was reduced in the ratio T/é- because 


g'=—-(ylT). VT (80.9) 


is an odd function of 7 =€— jp. This property is in a sense accidental, and may 
have the result that a comparatively small addition to g due to the non-equilibrium 
of the phonons yields a contribution to a that is comparable with (80.8). 

We shall seek the solution of the electron transport equation 


Sty VT =— Sey VT = 19) + 12ax) (80.10) 


as a sum g = g!+¢", where g! is the solution of the equation without the second 
term on the right, and ¢" is the solution of the equation 


: 
: 


/ T.(¢) + F(x) = 0. (80.11) 


Here g' is the “major” part of ¢; because the operator 1a is even with respect to 
the variable 7 (879), this part has the form (80.9) and is an odd function of 7. 


Equation (80.11) shows that go" ~ y, and therefore 


e'le'~ xlo'~ O/T <1. 
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Unlike g', however, ¢" is not zero when €=y. In the calculation of the cor- 
responding contribution to the current density, therefore, the leading term is not 
-ancelled, and the result is small only in the sense that ¢" is relatively small. This 
mcans that the latter’s contribution to the thermoelectric coefficient is 


a" ~ a'(efT (O/T) ~ O/eT. (80.12) 


At the lower end of the temperature range considered, where T ~ ©, we have 
ea" ~ 1 in place of the small quantity ea! ~ O/ep. 

The thermoelectric coefficient is thus composed of two additive parts. These may 
be of the same order of magnitude, but they vary differently with the temperature. 
The physical origin of the second term in a@ is that heat transfer in the crystal 
causes a flux of phonons (a “phonon wind’), which carries the electrons with it.t 


§81. Umklapp processes in metals 


The nature of electron-phonon scattering at low temperatures is quite different 
from that when T > ©. When T <9, phonons are excited with energies w ~ T in 
the crystal (and belong in general to the acoustic branches of the spectrum). When 
such a phonon is emitted or absorbed, the electron energy changes by an amount 
~ T, i.e. by an amount of the order of the total width of the blurred region in the 
Fermi distribution. The change in the electron quasi-momentum is equal to the 
phonon quasi-momentum. Since k ~ T/u<k,,x, and kmax~ Pr, it follows that the 
electron guasi-momentum changes only by a relatively small amount. At low 
temperatures, therefore, there is a limiting case which is the opposite of elastic 
scattering: the electron relaxation in energy takes place considerably more rapidly 
than as regards the quasi-momentum direction. 

The energy relaxation is a rapid “mixing” in the blurred region of the Fermi 
distribution. The relaxation as regards direction is an equalization of the dis- 
tribution over this surface; it takes place in small amounts (~ T/u), i.e. it is a slow 
diffusion over the surface. 

Before going on to a detailed consideration of the transport phenomena under 
these conditions, we shall make some general comments about the role of Umklapp 
processes. As in insulator crystals, the finiteness of the transport coefficients in an 
ideal metal crystal (without impurities or defects) is due to the occurrence of these 
processes. With only the normal processes that conserve the total quasi-momentum 
of electrons and phonons, the transport equations would have spurious solutions 
corresponding to the movement of the electron and phonon systems as a whole 
relative to the lattice. These are solutions of the type 


p=p.85V, vxy=k.6V (81.1) 


with a constant vector 5V; cf. (67.19). They reduce to zero the collision integrals 


The role of phonon drag on clectrons as regards transport effects in metals was elucidated by L. EF. 
Gurevich (1946). 
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(79.9), (79.10) if une emission or absorption of phonons by electrons takes place 
with conservation of quasi-momentum (p = p’ +k). 

At high temperatures, when the quasi-momenta of both electrons and phonons 
are large (~1/d), Umklapp processes take place, in general, with the same 
frequency as normal processes. The need to take account of them therefore does 
not give rise to any specific features of the transport phenomena. 

The electron quasi-momenta lie near the Fermi surface, and in this sense are 
almost independent of the temperature. At low temperatures, however, the phonon 
quasi-momenta become small, and Umklapp processes may therefore be impeded. 
fh this respect the situation is substantially different for closed and open Fermi 
surfaces. 

An open Fermi surface, for any choice of the unit cell in p space (the reciprocal 
lattice), crosses the cell boundaries. In this case, clearly, Umklapp processes are 
always possible with emission or absorption of a phonon with arbitrarily low 
energy: even a Small change in the electron quasi-momentum near the cell boun- 
dary can transfer the electron to an adjacent cell. In the course of their diffusion 
over the Fermi surface, all the electrons will ultimately reach the cell boundaries 
and may thus take part in Umklapp processes. Consequently, in this case also the 
probability of such processes contains no additional small factor in comparison 
with normal processes. Indeed, the classification into normal and Umklapp proces- 
ses depends on the choice of the reciprocal lattice cell, and is to that extent 
arbitrary. With an open Fermi surface, the property that there is no additional small 
factor in the frequency of Umklapp processes exists for any choice of cell. It is 
then desirable to avoid any distinction of two types of scattering event, and to 
regard all of them as normal (i.e. conserving quasi-momentum) but allow electron 
quasi-momentum values anywhere in the reciprocal lattice. For the phonons, the 
unit cell is chosen so that the point k=0 is at its centre; then all the long- 
wavelength phonons (the only ones that need be considered when T <®) are ina 
small part of the volume of one cell, near its centre. In this treatment, the spurious 
solution (81.1) is excluded by applying to the electron distribution function the 
condition of periodicity in the reciprocal lattice: 


n(p + b) = n(p). (81.2) 


The equilibrium distribution, depending only on the electron energy e(p), neces- 
sarily satisfies this condition, since €(p) is periodic. As well as no(p), the derivative 
dnof/@€ is periodic, and so therefore is the factor g(p) in 5A; this requirement 
eliminates the solution (81.1), which does not satisfy it. 

Let us now consider a closed Fermi surface. In this case, we can choose the 
basic reciprocal lattice cell in such a way that the Fermi surface nowhere crosses 
its boundaries.t Then Umklapp processes correspond to electron transitions be- 
tween any points on the Fermi surface in the basic cell and its replica in the 


TIf, however, the Fermi surface consists of a number of closed cavities, it may be necessary to define 
Ihe basic cell otherwise than as a parallelepiped with plane faces. This is illustrated schematically in Fig. 
28 for the case of a plane lattice with lwo non-equivalent closed cavities forming the “Fermi surface”. 
The broken line shows the basic cell, which does not intersect these cavities. Intersections could not be 
avoided by any choice of a rectangular cell. 
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adjacent cell, as shown schematically in Fig. 29. The vector k joining these points is 
the quasi-momentum of the emitted or absorbed phonon. The distance k is in 
general large (~1/d), and at low temperatures the number of phonons with energy 
w(k) is exponentially small, being proportional to exp[—w(k)/T]. The effective 
frequency of Umklapp scattering events then depends on the temperature accord- 
ing to 


vy ~ exp[—(Kmin)/T], (81.3) 


where kyin is the value of the phonon quasitmomentum (among all vectors of the 
type concerned) for which the energy w(k) has its minimum value. Here it is 
important, of course, that the electron speed is much greater than the phonon speed 
(vp > u). It is for this reason that we cannot reduce the exponential in (81.3) by 
changing the length of the vector k by moving away from the Fermi surface. 
Although the phonon energy may decrease by an amount ~ uék, the energy of the 
electron involved in the process would simultaneously increase by a much larger 
amount ~v,dk, thus reducing vy instead of increasing it. To find Kmjn, it IS 
sufficient therefore to consider the Fermi surface as such, without taking into 
account the blurring of the distribution near it. The points important in practice are 
usually those near the closest approach of the Fermi surface to its replica in the 
adjacent cell. 

The solution (81.1) implies that there is a macroscopic flux of electrons in the 
absence of an electric field, i.e. an infinite electrical conductivity. The exponentially 
small frequency of Umklapp processes causes an exponentially large electrical 
conductivity (R. E. Peierls). 

The thermal conductivity of a metal having a closed Fermi surface remains finite 
even when Umklapp processes are neglected. This is because, by (78.2), the ther- 
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mal conductivity «x defines the heat flux in the absence of an electric current, and 
the condition j= 0 necessarily excludes the spurious solution (81.1). The inclusion 
of Umklapp processes can alter the value of « only if it is small. The same applies 
to the thermoelectric coefficient a, which, by the definition (78.1), relates the 
temperature gradient and the electric field, again with the condition j= 0: see § 82, 
Problem. 

The above remarks, however, do not apply to compensated metals having closed 
electron and hole Fermi surfaces, i.e. to metals with equal numbers of electrons 
and holes, Ne = Nz (see SP 2, §61). The reason is that in this case the solution 
(81.1) is not dependent on the presence of an electric current. The current density 
corresponding to this solution is 


de (27) 
= g { ane 2d‘p 
ap (27) 


= j= 2d°p _ ang? 5 2d°p 
ap B®" Qzny ap Pp Qn 


The two integrals are taken over the electron and hole cavities respectively of the 
Fermi surface; in the second, the hole distribution used is n™ = I— n. We can now 
integrate by parts; the resulting integrals over the surfaces of the cell faces are zero 
because of the rapid decrease of n{ and nf away from the respective Fermi 
surfaces. The result is 


j= e5V(Ni — N-). (81.4) 


For a compensated metal, j= 0. 

This means that the electrical conductivity of a compensated metal is finite even 
when Umklapp processes are not taken into account. The thermal cor Juctivity aud 
the thermoelectric coefficient, on the other hand, are governed by the Umklapp 
processes and would be infinite if these were ignored, since the condition j = 0 then 
does not exclude the spurious solution (81.1). 

In the arguments and estimates in §§81 and 82, we are essentially implying the 
simplest assumptions as to the form of the Fermi surface, namely that it is either 
closed or open, with all its characteristic dimensions of the order of I/d. The Fermi 
surfaces of actual metals, however, in general have a complex form, and may 
consist of several different sheets; we shall not pause to analyse the resulting 
complications in the behaviour of the transport coefficients. For example, the 
sheets of open Fermi surfaces in different cells of the reciprocal lattice may be 
connected by narrow bridges (of width Ap <pf). The presence of the small 
parameter Ap/pr in the problem may create new intermediate temperature ranges 
with a different temperature dependence of the transport coefficients. The sheets of 
closed Fermi surfaces may come “anomalously” near together, and this may rnove 
the exponential law (81.3) into the range of “‘anomalously” low temperatures. 
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$82. Transport coefficients in metals. Low temperatures 


In the quantitative study of transport phenomena at low temperatures, we shall 
have in mind the case of open Fermi surfaces, and therefore pay no special 
attention to Umklapp processes. 

First of all, we shall show that relaxation in the phonon system takes place (when 
T <®) mainly by phonon-electron (not phonon-phonon) collisions. 

To estimate the phonon-electron collision integral (79.10), we note that at low 
temperatures w ~ J, e—j.~ T, and therefore No~ no~ 1, dNoldw ~ 1/T. The in- 
tegration over d’p is taken over the volume of a layer with thickness ~ T/ve along 
the Fermi surface. Since k/p is small, the argument of the delta function can be 
expressed as 


€(p)— €(p —k) ~ w{k) =k. defdp—@ ~ ve. k—w. (82.1) 
The delta function is removed by integration over the directions of p (or, 


equivalently, over those of vy) for a given k, adding a factor I/v;k to the integrand. 
Lastly, w is estimated by means of (79.18). The result is 


Ipne(x) ~ —x(m*|M)'? ~ —T(m*]/M)'?6n, 
so that the effective collision frequency is 
Vpne ~ TV(m*/M). (82.2) 


The effective frequency of phonon-phonon collisions at low temperatures is, 
according to the estimate (69.15), 


Vohpn ~ TV (m*|M (TIO) < vores (82.3) 


and this proves the above statement. 
We shall henceforward neglect phonon-phonon collisions, The phonon transport 
equation is then 


aNo__@ No Ga _ 

ar T dw u.VT= Ton e(Xs ¢)- (82.4) 

This equation can be solved explicitly for the phonon function x. Since k in this 
equation is given, x, can be taken outside the integral, and we find 


EL ee 


Xk ~ 
TV ph,¢ Von.e 


3 
| wens n)5(E — €' ~ wy — ovech = i+ x2, 
(82.5) 


where 


Vore = | w(ng— no)S(e — €'— w) .2d*piQrz)’. (82.6) 
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It is easy to see that x2 > x1: from the definition of x2, it follows that x2 ~ @ (the 
integrals in the numerator and denominator differ only by the factor g — yg’ in the 
integrand), and the order of magnitude of ¢ is governed by the electron transport 
equation, 


Vv. VTdno/ dT = Iepr(e) adie Veoh OF IS Vepnopl T, 


whence 
g~ ve|VT |I vepn- 


The effective electron-phonon collision frequency is estimated in the same way as 
Vpre above, the only difference being that the integration over d’k in I,» is taken 
over a volume ~(T/u) in momentum space, instead of ~p,’T/vp in the integration 
over d°p in Inne: 


Vepn ~ 17/0. (82.7) 


Finally, since x1 ~ |VT|i/ vpn... We have 
Xily2 ~ UVegnlOpVpne ~ T?/O’ <1, (82.8) 


as was to be proved. 

In calculating the electrical and thermal conductivities (but not the thermoelec- 
tric coefficient; see below) we can neglect the small quantity y,. Substituting 
therefore y ~ x2 from (82.5) in the linearized electron-phonon collision integral in 
the form (79.11), we find 


Topi, x) = P(e) + Te prel(e)s (82.9) 


where I.pn,(@) denotes the result of substituting x2 in the integral I%,(y). The first 
term in (82.9) is the collision integral for electrons and equilibrium phonons; the 
second term may be called the collision integral between electrons via phonons. 

As in 879, we take as indepcndent variables in the function g(p) the quantity 
= €— p and the vector pr which has the direction of p and ends on the Fermi 
surface. Both terms in (82.9) have in their integrands the difference 


(7, PF)— o(7', pr), (82.10) 
with 
H-7'=+0, Pr—-pF=k, 
where « is the projection of k on the tangent plane to the Fermi surface at the 
point pp. 


With regard to the variable py, the function y(n, pp) varies considerably over 
ranges ~ pr; the difference xk ~ k < pp. In this sense, ¢ varies slowly with pr, and in 
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a first approximation we can take pf= pr in the difference (82.10), i.e. replace it by 


(7, pr) — o(7’, pr). (82.11) 


The dependence on 7, however, is strong, in the sense that |n — 7'|= ~ T is of 
the same order of magnitude as the range over which @ varies considerably. 

Let Lo be the operator obtained from [,,, (82.9) on replacing (82.10) by (82.11): 
then 


Leptle) = Lol) + Lilg), 


and Lo> Li. The electron transport equation (in the presence of both an electric 
field and a temperature gradient) is 


- (ek + PVT) vo = Lo) + Life), (82.12) 
The two terms on the right have quite different physical meanings: the first causes 
rapid energy relaxation, the second causes slow diffusive relaxation with respect to 
the direction of the quasi-momentum. 

There are two obvious properties of the operator Lo. First, it is zero for any 
function of pr only, since the difference (82.11) is zero. Second, the integral 


L(g) dn = 0: (82.13) 


Ly describes collisions in which only the energy changes, and (82.13) simply states 
the conservation of the number of electrons having a given direction of p. 
We shall seek the solution of the transport equation in the form 


¢g(7,PF) = a(pr) + b(n, PF), (82.14) 


where a(p;) is a function of pr only, and |a|>|b|. The fact that a (for which the 
part Lo of the collision integral is zero) is large expresses the rapidity of the energy 
relaxation. Substituting (82.14) in (82.12) and neglecting the relatively small term 
L,(b), we find 


No _ 


-(eE pvr) -y = 
de 


T L(b) + L,(a). (82.15) 
The two terms on the right are in general of the same order of magnitude. 
However, in the calculation of electrical or thermal conductivity, only one of these 
terms is important, as can be seen by means of the fact that the linearized 
electron-phonon operator Ip, (and therefore Lo and L,) acting on the function 
y(n, pr) does not change its parity with respect to nt. We therefore divide ¢ into 


*This has been shown in §79 for I. We shall not pause to give the exactly similar proof for Tepne- 
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parts g, and gy, even and odd with respect to 7: 
Qe=atby, gu= bu 


(the function a independent of 7 is obviously even). Substitution of » = g, +, in 
(82.15), followed by separation of the terms odd and even in 7, gives two 
equations: 


— 2, VT = Lo(b.), (82.16) 


- ts eE. vr = Lo(b,) + Li(a); (82.17) 


on the left-hand sides, the velocity v has been replaced, with sufficient accuracy, by 
the velocity vr on the Fermi surface, which is independent of 7. Integration of the 
second equation with respect to 7 gives 


eE.ve = { Lila) dn, (82.18) 


since by (82.13) the Lo term disappears. 

The heat flux (for E=0) is entirely determined by the solutior of equation 
(82.16), which contains only the operator Lo: as we should expect, it d-pends on the 
electron energy relaxation processes. It is calculated from that solution as the integral 


3 
q = [ vnaa .2d'pl(2az) = -{ ven Geb ie (82.19) 


the part of g that is even in 7 makes no contribution, because the resulting 
integrand is an odd function. 

The operator Lo is the principal part of the electron—phonon collision integral. 
The corresponding effective collision frequency is therefore v.,, from (82.7); more 
precisely, this quantity is the effective collision frequency as regards energy 
exchange. The corresponding electron mean free path is I ~ v¢/vep,. The thermal 
conductivity can be estimated from the formula (7.10) in the kinetic theory of 
gases: x ~ ctlN. In the present case, N is the number density of electrons, c the 
electronic part of the specific heat (per conduction electron) and 0 ~ vp. The 
quantities N and vg are independent of the temperature; the specific heat of an 
electron Fermi liquid is proportional to JT, and from (82.7) the mean free path 
| «x T~3, Since the heat flux thus calculated refers to E = 0, the coefficient in it is not 
the thermal conductivity « itself but x’ = « + Toa’; see (78.3). Thus x'x T~*. The 
term Toa? is small in comparison with x’ (see the next-but-one footnote), and so 
xx JT. Putting, for a rough estimate, c ~ m*pfT/Nh in ordinary units (SP 2, 
(1.15)), we find 


K™~ (erprlh?)O"/ 1 toe (82.20) 
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The electrical conductivity is obtained by solving the equation (82.18), which 
contains only the operator L,: as is to be expected, the electric current depends on 
tie processes of relaxation with respect to directions of the electron quasi- 
momentuin. It has been noted at the beginning of 881 that these processes are of 
the nature of diffusion along the Fermi surface. We shall show in §83 how the 
transport equation (82.18) can in fact be put into the form of a diffusion equation. 
The temperature dependence of the electrical conductivity, however, can be 
ascertained from the following simple arguments. 

The movement along the Fermi surface takes place in small jumps k ~ T/u; this 
acls as the “mean free path” |, in momentum space, and the frequency of 
“scattering events” is the same as the electron-phonon collision frequency v5». 
The diffusion coefficient along the Fermi surface can be estimated by the formula 
D ~ li ~ I’v from the kinetic theory of gases, with | and v replaced by [, and 1,5. 
We thus have (in ordinary units) 


D, ~ (pr@lhX TIO)’. (82.21) 


From this we can find the relaxation time which is to appear in the estimate of 
the electrical conductivity according to (78.16): o ~ e*Nup7/pr. It is the time in 
which the electron quasi-momentum changes by an amount of the order of itself. 
That is, in the time 7 the electron must diffuse a distance ~ pp along the Fermi 
surface. Ina diffusional motion, the mean square of the displacement is proportional to 
the time (and to the diffusion coefficient). We thus find py ~ D,7, and for the 
conductivity (in ordinary units) 


o ~ (fe’Nim*O\O/TY. (82.22) 


At low temperatures, therefore, the conductivity is proportional to T~>.t 

Let us now consider the thermoelectric coefficient. Here the position is similar to 
that at high temperatures. If the current j is calculated from the function b,, the 
solution of (82.16), then, since this is an odd function of 7, the integral is zero in the 
first approximation, and a non-zero result is obtained only when we include the 
next term in y/eér in the expansion of the integrand. As when T > ®, this gives the 
thermoelectric coefficient (in ordinary units) 


a'~ Tleer, (82.23) 


instead of the “normal” order of magnitude a ~ I/e.t 

Another contribution to the thermoelectric coefficient arises from the term x1, 
neglected in (82.5), in the phonon function y: this contribution is due to the phonon 
drag acting on the electrons. If this term is retained, the collision integral (82.9) 


tThis result was first derived by F. Bloch (1929), 


tFrom the estimates (82.20}{82.23) we see that Ta’o/x ~(@/er)’<1, and this justifies the ap- 
proximation used in deriving (82.21). 
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contains a further term 


IDC) ~ VepnX1 Nol dO ~ — Vepnt VT ]l vpn. T. (82.24) 


which may then be taken to the left-hand side of the transport equation (82.12), 
where it is to be compared with the term 


_ ono 
aT TY" VT. (82.25) 


The term (82.24) is small in comparison with (82.25), in the ratio T*/@°: the estimate 
is analogous to (82.8). The inclusion of it, however, gives a term proportional to VT 
in the solution » of the transport equation, and this is not an odd function of 7. 
Hence, in calculating the relevant contribution to the current, there is no further 
small factor, and the thermoelectric coefficient contains a term 


a! ~ T’Je0? (82.26) 


(L. E. Gurevich, 1946).t 

As the temperature decreases, so does the electron-phonon collision frequency, 
and ultimately the collisions between electrons and impurity atoms become pre- 
dominant in causing the electrical and thermal resistance. Because of the different 
temperature dependence, the transition to “residual thermal resistance” takes place 
later than that to residual electrical resistance. 

In very pure metals, there can exist a range of temperatures in which the 
transport properties of the metal are governed by collisions between electrons. The 
corresponding mean free path in the electron liquid in a metal, as in any Fermi 
liquid, varies with the temperature as T~?, and the small expansion parameter is the 
ratio T/e, (see §75). When T ~ ef, this mean free path must become ~ d, and so 


lee ~ del TY. (82.27) 
The temperature dependence of the electrical and thermal conductivities is then 
aoxT*, x«xT! (82.28) 


(L. D. Landau and 1. Ya. Pomeranchuk 1936). When the temperature falls, the 
effective electron—electron collision frequency v.- decreases more slowly than the 
electron-phonon collision frequency v-p,. However, since the small parameter in Ve¢ 


Here, the following comment is necessary. Since the phonon quasi-momentum is small, the law of 
conservalion of energy gives e(p)—e(p—k)~vr.k ~+w({k), from which we see that the angle @ 
beiween vr and k is almost zz: cos @ ~ wlusk ~ ufvr <1. In the isotropic case Ihe quasi-momentum k 
and the velocity u of the phonon are tn the same direction, and so the producl u.v; is also small. A 
similar product occurs in the integral which gives the current in terms of the function ¢ proportional to 
u VT; this would cause, in the isotropic case, an additional small factor in a". In an anisotropic crystal. 
however, including those with cubic symmetry, there ts tn general no reason for such a small factor to 
occur. 
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is T/er, and not T/© as in y% pn, electron—electron collisions can play a predominant 
role only at very low temperatures. 

Note also that the laws (82.28) can in principle relate to cases with either open or 
closed Fermi surfaces. Since the electron quasi-momenta are large, the necessary 
existence of Umklapp processes does not in general give rise to any additional 
small factor for closed Fermi surfaces. 


PROBLEM 


Calculate the thermoelectric coefficient a for a metal with a closed Fermi surface at low temperatures, 
neglecting Umklapp processes. 
SOLUTION. The electron transport equation ts 


_ ono €— pany 
ép T dé 


v.VI= Cepn{t). (i) 


The phonon transport equation may be written 


oN 
Fag VE = Cone), 2) 
since 
pio _ _w@8No _ _waNo 
oT T dw T dk" 


Multiplying equations (1) and (2) by p and k respectively, and integrating them over 2d°p/(2z)* and 
akiQay respectively, we add them term by term: the right-hand side is zero, by the conservation of the 
total quasi-momentum of electrons and phonons in the absence of Umklapp processes. The result is 


ano 2d°p fs =n amo, 2d (ae ja 
fees pPanpt NT | pe ge Y PagptiVT | F oar G) 


the second and third integrals are written on the assumption that the crystal has cubic symmetry. 
The first integral in (3) is transformed as in the derivation of (81.4), and gives -eE(Ne — Nn). The 
second integral is calculated as in the derivation of (78.12), and is -ATVT, where 


-5[Zf-» sah Lo 


the integral is taken over a surface of constant energy ¢. The third integral, after integration by parts, 
becomes 


T d’k 
TF [ Noe +k. on™ 


the integral over the faces of the reciprocal lattice cell is zero, because of the rapid decrease of No with 
increasing w at low temperatures. For long-wavelength acoustic phonons (the only ones that are 
important at low temperatures), the velocity u and the ratio k=k/w depend only on the directions of k, 
not on w. Using for the integral with respect to w the usual expression, we find that the third integral in 
G) ts —BT'VT, where 


ite ! 2 dox 
=Fd {a +3K. ude Qa)” 


and the summation is over the three acoustic branches of the phonon spectrum. 
Equation (3) thus becomes 


— eE(N. — Na) = VI(AT + BT’). 
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Comparison with (78.1) (for j= 0) gives the thermoelectric coefficient 
a = (AT + BT’)I(Na — Nz). (4) 


The condition j= 0 can be mel by means of a suitably chosen term of the form (81.1) in the solution of 
the Iransport equation. In accordance with the discussion in §81, the expression (4) is finite for an 
uncompensated metal, but becomes infinite when Ne = Nm 


§83. Electron diffusiou ou the Fermi surface 


In this section we shall show how the transport equation (82.17) for the problem 
of electrical conduction at low temperatures can be reduced to a diffusion equa- 
tion.t Having only this problem tn mind, we shall consider only the part of the 
function ¢ that is independent of 7 = € ~ p, and denote it by g(p;) instead of a(pr) 
as in §82. We shall again have in mind the case of open Fermi surfaces. 

The function 


Si__ _dno_o 
Qry de (27) 


is the non-equilibrium change in the electron distribution in momentum space. 
From this we can go to the distribution over the Fermi surface by writing the 
volume element d’p as de dS/v (74.19), integrating over de = dy, and approximately 
replacing the area element dS on the constant-energy surface, and the speed v, 
which depend on ¢, by their values dS; and ve on the Fermi surface. The function 
g is, by hypothesis, independent of €, and the integration of the factor — dno/de 
gives unity. The distribution density on the Fermi surface is then 


(Pr) (27) vr. (83.1) 


For clarity in the derivation, we first write the transport equation (82.17) with the 
partial derivative with respect to time on the left-hand side, as if the dtstribution 
were not stationary: 


_ 9nd _ 
de ot 


ONo _ 


eE. Vr ae 


Li(¢)- 


Here the term in Lo is omitted which in any case disappears when the equation is 
integrated over dy/vr: 


IO dy __ 
ator [rw ar eE .vylur. (83 2) 


The first term on the left is the rate of change of the electron density on the Fermi 
surface. This equation must have the form of a coutinuity equation, i.e. the second 


tThe proof given below is that of R. N. Gurzhi and A. I. Kopeliovich (1971). 
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term on the left must be the divergence of the electron flux s on the Fermi surfacc, 
and the electric field term on the right acts as the source or sink density. Here we 
are concerned with a two-dimensional divergence on a curved surface, but it may 
be conveniently written in three-dimensional terms: 


-[Lw) dylvr = {Vp—ur(ur. Vp} - s, (83.3) 


where V, is the ordinary operator of differentiation with respect to Cartesian 
coordinates in p-space, and the operator in the braces is its projection on the 
tangent plane to the Fermi surface at any specified point (nr being a unit vector 
along the normal).t The vector s(pr) is specified on the Fermi surface, but in (83.3) 
it is formally regarded as being specified in all space (though depending only on the 
direction of pr). The transport equation, in which we now omit the time derivative, 
becomes 


{Vy ur(nf. V,)}s =—eE. Velour. (83.4) 


The problem is to find the flux s in terms of g. 

We use Cartesian coordinates in p-space, with the origin on the Fermi surface at 
the point where s(pr) is being calculated, and the z-axis along the normal there. By 
definition, the flux component s, is the difference between the numbers of electrons 
per unit time crossing (as a result of collisions) a strip of unit width in the yz-plane 
from left to right (i.e. in the positive x-directton) and from right to left. 

Let us consider the difference between the number of events in which a phonon 
with quasi-momentum k in a given range d’k is emitted by an electron with 
quasi-momentum in a range d’p, and the number of inverse events in which such 
a phonon is absorbed. It is minus the first term in the integrand in (79.9): 


d’k aNo 


UP ony deo Vine™ nodle — €'— ax)(Gp — Opt Xx); (83.5) 


with p= p’+k.t The phonon function x, here is to be expressed tn terms of g by 


tThis operator appears in the two-dimensional analogue of Gauss’s theorem, 
pe-s dl = f1V—nin.v}- sas. 


The integral on the left is taken round a closed contour on the surface in question (e being a unit vector 
along the outward normal to the contour in the tangent plane to the surface at the point considered); the 
integral on the right is taken over the part of the surface that is enclosed by the contour. 

In the foregoing arguments we have omitted a factor (277) in the definition of the surface density 
(83.1). A corresponding factor is accordingly omiited from (83.5) also. 

We have agreed, in the case of open Fermi surfaces, to include values of the electron quasi- 
momentum throughout the reciprocal lattice (see §81); the law of conservation of quasi-momentum is 
therefore written without the b term. 
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(82.5): 


3 
“= { wens ny) 5(€ — €' — an Gp odin , (83.6) 


Vone 


with von. from (82.6). 

If k, <0, the emission of the phonon will result in the passage through the strip 
(from left to right) of those electrons for which the x-component of the original 
quasi-momentum is in the range 


k, < Px < 0; (83.7a) 


for such values of p, (83.5) gives a positive contribution to the flux s,. If k, > 0, the 
emission of the phonon results in the passage through the strip (from right to left) 
of electrons with 


O<p, <k; (83.7b) 


the corresponding contribution to s, is negative. 

It is now clear that to find s, we must (1) integrate the expression (83.5) over a 
unit range of p, and over the whole range of p, (because of the rapid convergence, 
the latter integration can be extended from — to +); (2) integrate over the range 
(83.7) of px (in view of the slow variation of all quantities with p, on the Fermi 
surface, this reduces simply to multiplication by the length of the range, t.e. by —k, 
when we take account of the sign of the result in s,); (3) integrate over d?k. 

The flux component s, differs from s, only in that k, is replaced by k, in the 
integrand. The flux may therefore be written in the vector form 


d’k {* faNo _, ; 
s(prF) = — Quy on {os W119 — No)S(E — €'— W)Qp — Gp + x} dp,, (83.8) 


where « is the projection of k on the tangent plane at the point pr. 
First of all, we write d’k = dk, d’« and integrate with respect to k,. Since k is 
small, we can transform the argument of the delta function in (83.8): 


l 
5(Ep— €p w— O) = (kK. VF — w) = pare — wlvf): 


ve ts along the normal to the Fermi surface. The integration with respect to k, 
removes the delta function and replaces k, everywhere by w/vp. Since w/ur ~ 
kujup <k, we can put simply k, = 0, i.e. make the change 


k> kK. (83.9) 


The integration over dp, = de/v, can also be carried out in a general form, since the 
only rapidly varying function of € tn the integrand is the difference 


No(E — wW)— No(E) ~ — wang de; 


356 Metals 


the integration with respect to € converts this factor into w. The expression (83.8) 
now becomes 


l ON(wx 
(Pr) =r | Ken es! HINO) fier oot Mae (83.10) 


To transform the integral further, we again use the smallness of k to write 


o(p—k)— g(p) =~ —k. ég/ dp =—k. dg/dp =— xt. dgl ap, 


where t= «/k is a unit vector tangential to the Fermi surface, in the direction of 
«, Since a similar difference occurs in the integral (83.6), we can put x(k) in the 
form 


y(k) = k. a(t). (83.11) 
Lastly, from (79.4), 
w = kM (pr, 8). (83.12) 
With this notation, 
yee Ss 3 ONo ( oe oo) ee 
s= aan | te Wy Ao: Mi{t.a—-t- Qn) $ (83.13) 


where ¢ is the polar angle of directions of « in the tangent plane. 
The integration with respect to « in (83.13) reduces to the calculation of the 
integral 


J = K40, —— dk; 
0 dWx 


because of the rapid convergence, the integration may be extended to ©. The 
energy of a phonon with a small quasi-momentum k = xt is @, = u(t)x. Hence 


co) 5 pm 4 
J= ae aXe o=->[ Noo! deo =~ ex: 
0 


= —120£(5)T*/u’; 


0 e*—]1 


the value of the zeta function is £(5) = 1.037. 
We thus arrive at the followiug expression for the electron flux along the Fermi 
surface: 


LOT (MO, (t) (1-32 =? a)), (83.14) 


avr \ur(t) 


where the angle brackets denote averaging over the directions of t in the tangent 
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plane at a giveu point pr on the Fermi surface. It remains for us to simplify as far 
as possible the expression for a. 
With the definition (83.11), we have from (83.6) 


[ming- no)d(€ — €'— w)(dg/dp) d'p 
eye es 2) re ets Te 


> 


[ mons- no) S(€ — €'— w) dp 


where common factors in the numerator and the denominator have been cancelled. 
The integration over d’p is replaced by one over dS; de/vp (see the beginning of 
this section). Only the factor no(€ — wm) — no(e), which is the same in both integrals, 
depends on e; the result of the integration over de caucels in the numerator and 
denominator. The argument of the delta function may then be written in the form 
k.Vrp—@ ~k.V,, quantities of relative order u/ve being neglected. The final result 
is 


[ ome - t)(d¢/ ap) dS; 
iS (83.15) 
[o?msqu .t) dS 


M being a function of the position py on the Fermi surface and of the direction t, 
and u being the unit vector along the normal. As a consequence of the presence of 
the delta functions, the integrals are in fact taken only along a curve on the Fermi 
surface where the normal is perpendicular to the direction t of the phonon 
quasi-momentum. 

Formulae (83.4), (83.14) and (83.15) solve the problem of bringing the transport 
equation iuto the form of a diffusion equation. The result is an integro-differential 
equation. The flux (83.14) may be written as 


Sy = p( Il dp p = sg), (83. 16) 


where 
Dap = eee se (t) talp) (83.17) 


T UF u(t) 


and a, B are two-dimensional vector suffixes. The first term has the usual differen- 
tial form with the diffusion coefficieut tensor D,,; it relates to electron scattering by 
equilibrium phonons. The second, integral, term is due to electron drag by non- 
equilibrium phonons. 

The current density is calculated from the functions g as the integral 


: bs 
j= gS on dSr. 


It is clear from (83.4), with s from (83.16) and (83.17), that » (and therefore the 
conductivity of the metal) varies with temperature as T~, in accordance with. lie 


FR "32x 
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result in §82. Note that the electron drag by phonons aoes not affect this law, 
though it does affect the form of the transport equation. 


§84. Galvanoinagnetic phenomena iu strong fields. Geueral theory 


The characteristic dimensionless parameter governing the effect of a magnetic 
field on the electrical conductivity of a metal is the ratio rp/l, where rg is the 
Larmor electron orbit radius and [| the mean free path. 

It is known (SP 2, §57) that the motion of a conduction electron in a magnetic 
field is almost always quasi-classical, because the ratio fwp/er (where wg is the 
Larmor frequency) is very small. The trajectory in momentum space is then the 
circumference of a cross-section of a constant-energy surface e(p) = constant by a 
plane p; = constant, the z-axis being parallel to the field. Since the energy of the 
electrons is close to the limiting energy €-, the constant-energy surfaces in question 
are close to the Fermi surface. Hence the size of the trajectory in momentum space 
is given by the linear dimension pf of the appropriate cross-section of the Fermi 
surface. The size of the trajectory in ordinary space is 


rp~ cprleB, 


and is inversely proportional to the magnetic field. In galvanomagnetic phenomena, 
thereiore, ficlds are to be regarded as weak for which rg >I, and as strong for 
which 


rp <1. (84.1) 


For weak magnetic fields, the transport treatment does not (for a general electron 
dispersion relation) lead to anything beyond the results of the purely 
phenomenological theory. The nature of the magnetic field dependence of the 
conductivity tensor Components og in this case corresponds simply to an expan- 
sion :n powers of B, taking account of the requirements tnposed by the principle of 
symmetry of the kinetic coefficients (see ECM, §21). 

In strong magnetic fields, however, the transport treatment is needed in order to 
find this dependence. The condition (84.1) for a strong field is in practice satisfied 
only at low temperatures, where \he mean free path [| is sufficiently long. The metal 
is then usually in the range of the residual resistance due to electron scattering by 
imptirity atoms, and we shall have this case in mind. The interaction of the 
conduction electrons with an impurity atom takes place at distances of the order of 
the lattice constant d. If rg <I but rg >d, the presence of the magnetic field does 
not affect this interaction, nor therefore the collision integral. Under these con- 
ditions, the magnetic field dependence of the conductivity tensor is not affected by 
the specific form of the collision integral. It does depend considerably, however, on 
the structure of the conduction electron energy spectrum, i.e. on the form of the 
Fermi surface.t 


tThe theory given below is due to I. M. Lifshitz, M. Ya. Azbel’ and M. I. Kaganov (1956). 
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Let us now construct the transport equation describing galvanomagnetic 
phenomena. 

The distribution function is here suitably expressed not in terms of the Cartesian 
components of the quasi-momentum p but in terms of other variables 1elated to the 
electron trajectory: the energy €, the quasitmomentum component p- along the 
magnetic field (the z-axis) and the “time for the electron to move along the 
momentum trajectory” from some fixed point to the point in question. This latter 
variable, which we denote by 7, is brought in by means of the quasi-classical 
equation of Motion of a Conduction electron in a magnetic field, 


dpildt=—evXBic, v= deldp; 
the x- and y-components of this are 
dp,idt =—ev,Bic, dp,fdt = ev, Bic. (84.2) 


Taking the sum of the squares of these equations and using the element of length 
ds on the momentum trajectory in the xy-plane (ds? = dp,2+ dp,’), we obtain 


dz =(cleB) ds[v,, vy =v, + v/; (84.3) 
integration of this equation gives the new variable 7 in terms of the old variables p,, 
Pr» p:- 


The left-hand stde of the transport equation? is, in the new variables, 


dn on. on. an. 
= + pp. tH. 
dt de . ap, "* ar - (oe) 


The distribution function will, as usual, be sought in the form 

n = no(e) + dn(e, p., 7). (84.5) 
It has been shown at the end of §74 that, in static electric and magnetic fields, the 
transport equation, linearized with respect to 6n, for quasi-particles in a Fermi 
liquid has the same form as for particles in a Fermi gas. The derivatives €, p, and 7 
are to be expressed by means of the equation of motion of an individual electron in 
an electromagnetic field: 

p = —eE- ev Bic. (84.6) 

Hence we have 

€ = (deldp). p=—ev.E; 


+The use of the quast-classical transport equation implies the neglect of effecls due to quantization of 
energy levels in the magnetic field. These will be discussed in §90. 
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the magnetic field does not appear, since it does no work on the charge. For a field 
B in the z-direction we have p, = —eE,. Lastly, a comparison of (84.2) and (84.6) 
shows that the derivative dz/dt differs from unity only because of the field E; and 
this difference need not be taken into account. 

Since the equilibrium distribution function no depends only on e€, and e€, p; and 7 
are independent variables, we have dno/dp, =0, A@no/dt =0. The electric field is 
regarded as being extremely weak, and in linearizing the transport equation the 
terms which contain both the small quantities 5f# and E are to be omitted. The 
expression (84.4) then reduces to 


dn ___ an 88h 
dt deo as at 
We write 
dn =(dnofde)eE.g, g=eg(e, p-,7); (84.7) 


cf. (78.6). The left-hand side of the transport equation then becomes finally 


dn = Ang -{— 9g 
dt de oo ( a =). (ot) 


The collision integral on the right of the transport equation, after linearization, is 
written in the form 


C(n) = (dno/de)eE . I(g); (84.9) 
in the collision integral for elastic scattering by impurity atoms, any factor in 5n 
that depends only on e can be taken outside the integral. The specific form of the 
linear integral Operator I(g) need not be stated. 


Equating (84.8) and (84.9), we have fiually the transport equation determining the 
function g: 


dg/d7 — I(g) = v. (84.10) 
The conductivity tensor is given by the integral (78.9): 


_ _,2{ 9No 2d’p 
Oop e de Uo8p (2ah)* 


In this integral, the change to the new variables is made by the substitution 
d’*p >|J| de dp, dz, where 


J = 0(Px, py, Pz)/4(1, €, Pz) 


is the Jacobian of the transformation, which is casily found directly from the 
equations (84.2) which define the variable 7. Writing both sides of the first equation 
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(84.2), for instance, as Jacobians, 


1(Px, €, pz) = eB da(e, Px Pz) 
0(7, €, pz) C O(Pys Px» Pz)’ 


and multiplying both sides by d(py. px, pz)/4(€. px» Pz), we find [J] = eB/c. Neglecting 
the thermal blurring of the distribution no, we put as usual dno/de = — &(e — ef), 
obtaining as the final expression 


2e°B 
Cot = Cah) Pebe dz dp., (84.11) 


the integration being taken over the Fermi surface. 

According to the definition (84.3), 7 is proportional to 1/B. The term dg/d7 in the 
linear equation (84.10) is therefore proportional to B, and is thus large comparcd 
with the other terms. This makes it possible to solve thc equation by successive 
approximation as a series in powers of 1/B: 


g=eOtet---, (84.12) 
where g) « B-".t The terms in this series satisfy the equations 


dg/a7 = 0, 
agar = (2) +v, 84-19) 
gar = L(g), ... 


The solution of these equations is 


(0) . co) 
g?=C ’ 


gl) me [ (1c) + v(7)] dr + Cc, (84. 14) 
0 


g x [ I(g") drt co. sheet 
0 


where C®, C™,. .. are functions of € and p, only. 

The function g must Satisfy certain conditions. If the electron momentum 
trajectories (i.e. the perimeters of cross-sections of the Fermi surface by planes 
p, = constant) are closed, the motion of the electrons is periodic; accordingly, the 
function g(€,p, 7) must be periodic in 7 (the period T depending on p-). If the 
trajectory is open, however, the motion in momentum space is infinite and g need 
only satisfy the condition of being finite. 

Let us now average equations (84.13) with respect to 7. If the functions g are 


TAs in §59 when calculating the transport coefficients of a plasma in a strong magnetic field. 
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periodic, the mean value Over the period, 


= +{ 2 ag 4, — T)— 80) 
cy 

is zero, since g(T)= g(0). If they are not periodic, the averaging is over an infinite 

range of 7. and the mean value ts zero since g Is finite. In all cases, therefore, averaging 

the cquations gives 


I(e%) = 1(C® =~-¥, Tg =0,...; (84.15) 


these relations determine in principle the functions C®, C”,... 

In going on to calculate the conductivity tensor, let us first recall some general 
properties of it which follow from the phenomenological theory (ECM, §21). 

The principle of the symmetry of the kinetic coefficients gives 


Onp(B) = o;.,,(—-B). (84.16) 
The tensor o,g may be separated into symmetric and antisymmetric parts: 

Crp = 09 + oS. (84.17) 
For these we have, with (84.16), 


(s) — 65) (s)¢__ 
Tug(B) = of.(B) = oog(—B), | (84.18) 


ORB) = — 0 f(B) = — oS(-B). 


The components o{} and oQ are therefore even and odd functions of B respectively. 


Instead of the antisymmetric tensor 0/9, we can use its dual axial vector a, defined by 


The components of the current density vector are then 
ja = OnpEp = OPE, + (EX a)q. (84.19) 


The dissipation of energy when the current flows is determined only by the symmetric 
part of the conductivity tensor: j. E= o(}E,E,. The inverse tensor pyg = 0 'ug can 
thus also be Separated into symmetric and antisymmetric parts, the latter having a dual 
axial vector b. Then E is expressed in terms of j by 


E, = pthie + GX b)a- (84.20) 


The terms E Xa in the current and j Xb in the field represent the Hall effect. 
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§85. Galvauomaguetic pheuomeua iu stroug fields. Particular cases 


CLOSED TRAJECTORIES 


Let us begin with cases where all the momentum trajectories of electrons (i.e. for 
all p.) with a given direction of B are closed. This is true for any direction of B if 
the Fermi surfaces are closed. With open Fermi surfaces, cases can Occur where 
the trajectories are closed for any direction of B, and where the cross-sections are 
closed only for certain directions (or certain ranges of directions) of the field. 

In movement in a closed trajectory (in the xy-plane), the mean values of the 
velocities in the plane are zero: 0, = Dy = 0, as is clear from the equations of motion 
(84.2) with allowance for the fact that p, and p, return to their initial values after a 
traversal of the whole trajectory. The value of 0, is always nou-zero, because the 
motion in the direction of the field is infinite. The first equation (84.15) now gives 


HE = TCH =0, 
whence C® = C® = 0.t The solution (84.14) then becomes 


&x = (c/eB)py + Cw +204 ey 
g, = —(cleB)p, + CP +29 +---, (85.1) 
=COP PME. 
the integration of v(z) is carried out by means of equations (84.2). 
The components of the stress tensor are calculated from equation (84.11). For 


example, 


dpy 


co ani $d | geo t Co +45" | ded. 


with v, again given by (84.2). Since C® is independent of 7, the integration with 
respect to 7 in the first two terms amounts to that of the derivatives dp, /dz and 
dp,/dz, and gives zero. Thus the only contribution to the integral comes from the 
g® term, so that o, x B’ 

Next we calculate 


On = aon a [$|-Sp px + =| dz dp,. 


Integration of the second term again gives zero, and in the first term 


d 
$ p. Pods = [p. dpy = +S(pz), 


+There ts no reason why the linear homogeneous equation I(C)=0 should have any solution other 
than the trivial C =0. 
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where S(p,) is the area of the cross-sectiou of the Fermi surface by the plane 
p: =constant. The plus and minus sigus relate to cases where the perimeter 
encloses a region of smaller and larger energies respectively, i.e. the closed 
trajectory is an electron and a hole trajectory respectively (see SP 2, §61); we 
denote the area S by S, and S, in these two cases. The difference in sign is due toa 
change in the direction of traversal of the trajectory. The integration of S with 
respect to p. gives the volume 2 in momentum space within the Fermi surface; if 
the closed trajectories are on an Open Fermi surface, then © is the volume between 
that surface and the faces of the reciprocal lattice cell. Thus 


_ ec UO, — 0.) _ ec 
Oxy = B (Qa hy = Sy Nn N-), (85.2) 


where ©, and Q, are the volumes of the electron and hole cavities of the Fermi 
surface. The quantities 


N. = 20,/(2ah)’, N, = 20,/(2ahy° 


are respectively the numbers of electron-occupied states with energies € <€,; and 
free states with € > €,, per unit volume of the crystal. For closed Fermi surfaces 
these concepts have a quite definite meaning; N, and Np, are characteristics of the 
electronic spectrum of the metal and independent of the direction of the field B. 
For open surfaces, their meaning becomes more conventional, as they may depend 
on the direction of B. 

The expression (85.2) is an odd function of B and therefore belongs to the 
antisymmetric part of the tensor oag.t The component of) of the symmetric part is 
given by the next term in the expansion of o,,, which is proportional to B™. 

The dependence on B of the remaining components o,, is found similarly. For 
example, 


2e°B 
On = ~ (2nhy'c ope | pu.ce dt dp,. 


The integration with respect to 7 brings in a factor B™', and C® is independent of 
B; hence o;, also is independent of B. 
The result is 
o%)=constant, other o{«B’, ax B. (85.3) 


All components of} and a depend on the form of the collision integral, except 


a, = (ec/B)(Nn — Ne)- 


tIt is clear from the derivation of the transport equation that B appears in it not as the magnitude of 
ihe vector B but as the component B. = B. The change B-> — B therefore requires also B > — B in the 
formulae given. 
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All the og except o,, tend to zero as B-»~. The physical reason for this behaviour 
is the localization of electrons on orbits small compared with the mean free path; o,, 
is finite because the motion of electrons along the magnetic field always remains 
infinite. 

The small parameter in the expansion is the ratio rg/l. Hence the components o{} 
that are proportional to B~? may be estimated in order of magnitude as 


ao ~ oo(rsllY’, oo~ Ne?llpr. 


Note that o) « I/I; this means that, as the mean free path increases, the transverse 
conductivity in the magnetic field tends to zero, not to infinity as when the field is 
absent. 

The components of the antisymmetric part of the tensor ogg are estimated as 


o ~ oorgll ~ ecN/B. 


It must be emphasized, however, that the fact that this estimate is independent of | 
(a) 


does not mean that the exact values of the off (apart from o©) are independent of 
the specific form of the collision integral; an exact calculation of the tensor oag 
would require a complete determination of the functions C” and g® by solving the 
specific transport equation. 

From (85.3) we can find also the limiting dependences on B for the components 
of the inverse tensor pop = ao” apt Retaining only the terms of the lowest order in 
1/B, we find 


pi =constant, b,, by =constant, b, < B, (85.4) 


and all these quantities depend on the form of the collision integral, except for 
b, = —l/a, = Blec(N,. — Nn). (85.5) 


All the components p} tend to constant limits as B->~. 

Compensated metals, in which N, = Ny, need special treatment. The expression 
(85.2) is then zero, and the expansion of oS) begins with the term proportional to 
B~>. In this case, therefore, 


a, a*B', a,«B; (85.6) 


tThe inverse tensor must, of course, be calculated from cag = o&} + ¢Q, and only then be separated 
: > ! . B B y Pp 
into symmetric and antisymmetric parts. We thus find 


1 . 
pep= aie" 460) + Gag}, ba = soap, 


where o = 0) + o\a,ag is the determinant of cap, and o is the determinant of its symmetric part; see 


ECM, §21, Problem. 
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the dependence of of} on B is as before. For the inverse tensor, we now have 


p{)=constant, p, p= aaa 


pS, pe, pS & BY, be B. (85.7 
OPEN TRAJECTORIES 

For metals with Open Fermi surfaces, which allow open trajectories, several 
cases are possible; we shall here consider only one of these, which illustrates the 
characteristic features of the situation. 

Let us take a Fermi surface of the corrugated-cylinder type, passing con- 
tinuously from one reciprocal lattice cell to the next (Fig. 30). If the magnetic field 
is not perpendicular to the cylinder axis, all cross-sections are closed, and the 
asymptotic dependence of o,g on B is again given by (85.3). 

If, however, the magnetic field is perpendicular to the cylinder axis, there are 
open cross-sections. As usual, we take the z-axis parallel to the field and the x-axis 
here parallel to the cylinder axis; Fig. 31 shows a cut across the part of the Fermi 
surface in one cell. The trajectories are open when |p,|<|p;|, and are infinite in the 
direction of the p,-axis. The mean velocity values are 


, = (cleB) dpyidt =0, v, =—(cleB) dp,/dz # 0, 


since p, varies without limit; as always, v, #0. The non-zero components of C® in 
the solution of the transport equation are now C{? and C®; in (85.1), the second 
line is therefore replaced by 


B= CME QMH, 
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In the same manner as above, we now find 
ox B™ other o%} constant, a,*B™, ay, a,* Bu, (85.8) 


Hence, for the inverse tensor, 


p‘) x B*, other p%} constant, b,x B', b,, b, < B. (85.9) 


Thus there is a sharp anisotropy of the resistance in the plane perpendicular to the 
magnetic field: the resistance p,, along the y-axis tends to a constant, whereas that 
along the x-axis increases as the square of the field.t 

Another feature of the galvanomagnetic properties of metals with an open Fermi 
surface is their considerable dependence on the direction of a strong magnetic field. 
Here the change takes place as the direction of B approaches the plane per- 
pendicular to the cylinder axis, and the relations (85.3) and (85.4) are replaced by 
(85.8) and (85.9). When B is at a small angle @ to that plane (Fig. 30), the momentum 
trajectory of the electron becomes large, with dimensions of the order of p,/6, 
where pr is the transverse dimension of the cylindrical Fermi surface. Accordingly, 
the trajectories in actual space also become large, with dimensions of the order of 
rp/6, where rp is the Larmor radius corresponding to the momentum pr. For angles 
such that rp/él ~ 1, the expansion in powers Of rp/1 used above becomes inapplic- 
able, and it is in this range of angles that the field dependence of the resistance 
changes. 4 

The whole of this discussion has related, of course, to single crystals. In 
polycrystalline materials there is an averaging of the anisotropic galvanomagnetic 
properties, depending on the directional distribution of the crystallites. 


*The electron trajectory in the xy-plane of actual space differs from that in the p,p,-plane of 
momentum space only in scale and in a rotation through 90° (SP 2, §57). In the present case, therefore, 
ihe motion of the electron in actual space is infinite in the y-direction. 
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The thermomagnetic phenomena in a metal in a strong magnetic field could be 
discussed similarly. In particular, the components of the electronic thermal con- 
ductivity tensor would be found to tend to zero as B->«. Under these conditions, 
the transfer of heat by phonons becomes important, it is necessary to take account 
of the electron-phonon interaction, and the whole situation is greatly complicated. 


§86. Anomalous skin effect 


It is known from macroscopic electrodynamics that an alternating electromag- 
netic field is damped within a conductor, and not only the field but also the 
resulting electric current is concentrated near the surface of the conductor. This is 
called the skin effect. The following formulae have been given in ECM, §§45 and 
46. 


The quasi-steady electromagnetic field in the metal satisfies Maxwell’s equations 


curl E= ~(1/c)aB/at, (86.1) 
curl B=47j/c, div B=0; (86.2) 


the metal is assumed non-magnetic, so that H = B in it. Here, of course, we assume 
that the general condition for validity of the macroscopic equations is satisfied: the 
distances 6 over which the field varies significantly are large in comparison with 
atomic dimensions. If moreover these distances are large in comparison with the 
conduction electron mean free path I, then the relation between the current density 
j and the field E is given by linear expressions connecting their yalues at one point 
in Space: J, = GagEg, where ogg is the conductivity tensor. The skin effect is then 
said to be normal. In discussing this case, we shall assume the medium isotropic, or 
else a crystal with cubic symmetry; the tensor o«g then reduces to a Scalar, and 
j= cE. 

Let us take a simple geometry in which the metal occupies the half-space x >0 
bounded by the plane x =0. A uniform external electric field is applied, parallel to 
the surface of the metal and varying in time with frequency w. Equations (86.1) and 
(86.2) become 


curl E=iwB/c, curl B=4zoc0E/c, div B=0. (86.3) 


The symmetry of the problem shows that the distributions of all quantities in the 
metal are functions of the coordinate x only. The first equation (86.3) then shows 
that the magnetic field B is everywhere parallel to the boundary plane. We can 
satisfy all the equations by supposing that the electric field E is everywhere in that 
plane also. This also fulfils automatically the necessary boundary condition that the 
current component normal to the surface of the metal is zero: from E, =0, it 
follows that j, =0 everywhere.t 


*The situation is different in an anisotropic medium. To satisfy this condition there, an electric field 
normal to the surface would have to be present, as well as the tangential one. 
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Eliminating B from the first two equations (86.3), we find 
curl curl E = grad div E— AE = 47iwo E/c’. 


For the tangential field, which depends only on x, div E=0, and this equation 
becomes 


E” = —47iwoE/c’, (86.4) 


the prime denoting differentiation with respect to x. The solution which tends to 
Zero as X > x Is 


E=E,e “i, (86.5) 
where E, is the field amplitude at the surface of the metal, and 
8 = c/V (270). (86.6) 


The quantity 6 is called the field penetration depth; it decreases with increasing 
frequency of the field. The magnetic field in the metal decreases according to the 
same law; it follows from (86.3) that E and B are every where related by E= £B Xn, 
where nis a unit vector normal to the surface and into the metal, i.e. in the positive 
x-direction, with 


t= (1— i)w8/2c = (1 -i)V(@/8 70). (86.7) 


In particular, this relation exists between the values of the fields at the surface of 
the metal: 


Eo = {Bo X n. (86.8) 


The quantity ¢ is called the surface impedance of the metal. Its real part governs 
the field energy dissipation in the metal (ECM, §67). 

In order that the relation j = cE should hold between the current and the field at 
the same point and the same time, the electron mean free path | and mean free time 
7~I/vp must satisfy the conditions |<6 and tw <1, i.e. | must be small in 
comparison with the characteristic distance 6 over which the field varies, and 7 small 
in comparison with the field period. When the first of these conditions is not satisfied, 
the relation between the field and the current is no longer local and there is a spatial 
dispersion of the conductivity. When the second condition is not satisfied, there is a 
frequency dispersion of the conductivity. The transport equation is then needed to 
determine the relation between the current and the field. 

The nature of the skin effect thus depends on the relative magnitude of the three 
characteristic dimensions 6, 1, and v;/w. The normal skin effect described by 
(86.5)}-(86.8) corresponds to the lowest range of frequencies, such that 


[<6, [<vrplo. (86.9) 
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As the field frequency increases, or the mean free path increases (with decreasing 
temperature of the metal), the penetration depth decreases. In metals, the condition 
1<§ is usually the first to be violated, and the current-field relation becomes 
non-local; the skin effect is then said to be anomalous. In this section, we shall 
consider the limiting case where 


S<l, 8 <vplo. (86.10) 


There may be any relation between | and vf/w.t 
The solution of the boundary problem of the skin effect begins from the auxiliary 
problem of the relation in an infinite metal between the current and the electric field 


E ms Ee 2 


variable in time and space. The wave vector of the field is assumed to satisfy the 
inequalities 


Wk<I, Ik <v;fo, (86.11) 


corresponding to (86.10). The change 5n in the electron distribution varies in the 
Same manner as the field. 

Since v,k > v,-/l ~ I/7, the collision integral C(n) ~ 5n/z in the transport equation 
may be neglected in comparison with the spatial derivative term vy. dn/dr ~ v,k6n. 
Since hu; > w, we can also neglect the time derivative dn/dt ~ wén. 

With the latter approximation, the transport equation for the quasi-particles in an 
electron Fermi liquid again reduces to the equation for a gas when the distribution 
function is redefined, 5n being replaced by 6n from (74.13). In the present case, 
these approximations bring the transport equation to the simple form 


v. ddfifdr — eE. dnofap = 0. 
Putting 
d6n/dr =ik6A, anol dp = vanol de, 
we then find 
dn = —i(eE. v/k . v)ano/ de. (86.12) 


This expression has a pole at k. v= 0. To calculate the current 
i= ~e | voi . 2d3 pi(2ah)’, 


+The equality 5~1 is reached when w~ c7/ol’. i.e. (with the estimate o ~le’N/pe) when w~ 
c*prle’PN. This is compatible with the inequality 6 ~ 1 <vp/w if [> c/M. where 2 ~ (Ne?/m*)'” is the 
plasma frequency of the metal (m* ~ p;/vr being the effective mass of the conduction clectrons). For 
ordinary metals, 2 ~ 10'*-10'*s7!. 
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this pole must be a. vided by writing k. v>k.v—i0:4 


v(E.v) dno 2d*p 


+. +42 GRo 
yet Sk.v—i0 de (2ahy 


(86. 13) 


Neglecting as usual the thermal blurring of the equilibrium distribution function, 
we write dno/de = —6(e — €-) and transform the integral over d’p into one over the 
Fermi surface by (74.20). According to the usual formula of differential geometry, 
the area element is dS = do,/K, where do, is a solid-angle element for the direction 
ofythe normal v to the surface and K is the Gaussian curvature of the surface, i.e. 
K = 1/R,R2, the reciprocal of the product of its principal radii of curvature at the 
point concerned. Noting also that the direction of the normal at any point on the 
Fermi surface is the same as that of the velocity v = de/dp, we find 


___2ie? (v(E.v) do, 
I ahyY J K@) k.v—i0° 


(86.14) 


If the direction of v ts specified by the azimuthal and polar angles ¢ and @ relative 
to the direction of k as polar axis, k. v= k cos @ and do, = sin @ dg dé. 

The integration in (86.14) with respect to the variable p = cos @ is taken over the 
segment ~1<p <1 of the real axis, passing along a semicircle below the pole 
p.=0. It is easy to see that the integral along the straight segments (i.e. the 
principal value) is then zero, leaving only the contribution from the semicircle. To 
prove this. we note that the function e(p) is even, and therefore the Fermi surface 
e(p) = €¢ is unchanged when p>~p; since a change in the sign of p changes the 
sign of the normal vector y, it follows that K(—v)= K(v). The integral in (86.14) 
can therefore be written as 


| W(E.v)do, v(E. v)do, 
2(J K(v)k. » — i0) K(w)(k.v +10))’ 
where the braces contain the sum of the integrals obtained from each other by the 
change of variable of integration v->-—y: the statement made above ts then 
obvious. 

At the pole of the integrand, k. » = k cos @ = 0, Le. the normal v is perpendicular 
to the given direction of the wave vector k. The residue with respect to the variable 
cos @ is therefore the integral 


vV(E.v) 
kK(v) °* 


taken along the geometric locus of points on the Fermi surface for which vLk. 
Thus we have finally the relation between the current and the field in the form 


Ju = Oop(k) Ep, (86.15) 


7This corresponds to the usual w> w+ i0 in w~k.v. 
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where 


in 


Oog(k) = 271e’Aggl(2ah)’k,  Aag = ; [v.rgl K(~)] de (86.16) 


is a real tensor in the plane perpendicular to k; if the direction of k is taken as the 
x-axis, a and B take the values y and z. The vector j lies in this plane, and is 
therefore transverse to k. 

The contribution to the current comes only from electrons with v.k=0, ie. 
moving perpendicular to the wave vector. This is a natural consequence of an 
approximation in which the mean free path is regarded as indefinitely long: in 
motion at an angle to k, the electron passes through a field oscillating in space, and 
these oscillations reduce to zero the overall action of the field on the electron. In 
the next approximation, when the finite value of kl is taken into account, there is a 
contribution to the current from electrons moving in a small range of angles ~ 1/kI 
to the plane perpendicular to k. 

Let us now go on to the subject of field penetration in the anomalous skin effect. 
This is a half-space problem, to be solved with the boundary conditions at the 
surface of the metal. These conditions for the distribution function depend on the 
physical properties of the surface with respect to electrons incident on it. It is 
important, however, that in this case the current is due essentially only to electrons 
moving almost parallel to the metal surface. For these, the law of reflection its 
largely independent of the degree of perfection of the metal surface, and ap- 
proximates to specular reflection, the electrons being reflected with reversed 
components of the velocity vy normal to the surface but unchanged tangential 
components; in order not to interrupt the discussion, a more detailed treatment of 
this will be postponed to the end of the section. 

Specular reflection corresponds to the following boundary condition on the 
distribution function: 


ON(v,, Vy, V,) = SA(—v,, Vy, vz) for x =0. (86.17) 


With this condition, the half-space problem is equivalent to that of an infinite 
medium in which the field distribution is symmetrical about the plane x =0: 
E(t, x) = E(t, —x). Electrons reflected from the boundary in the half-space (x >0) 
problem correspond to electrons passing freely through the plane x =0 from the 
side x = 0 in the infinite-medium problem. 

In the problem of the extreme anomalous skin effect, we can suppose that the 
field E (which depends only on the one coordinate x) is everywhere parallel to the 
plane x = 0. According to (86.15), the current vector j lies in the same plane, and so 
the condition of zero current component normal to the metal surface at all points 
on the surface is necessarily satisfied.t 


tIn subsequent approximations, when the finiteness of the ratio d/f is taken into account, there are 
components o.x and o;, of the conductivity tensor as well as oag. To satisfy the boundary condition 
ji, = 0. we must then include the field E, normal to the surface, as already noted in the first footnote to 
this section. 
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Without the assumption that j = cE, we have for the two-dimensional vector E, 
in place of (86.4), 


E" = —47iawj/c’. (86.18) 


We shall leave the time factor e“ implicit in the subsequent formulae, so that E, j, 
etc., will be functions of x only. 

The function E(x). continued symmetrically into the range x <0, is continuous at 
x =0, but the derivative E’(x), being an odd function of x, has a discontinuity there, 
changing sign as x passes through zero. According to (86.1), these derivatives are 
related to the magnetic field by 


E’ = iwB X u/c, 
where u is again a unit vector in the x-direction. In the half-space problem, the 
condition at x =0 would therefore be E’ = iwBo X u/c, where Bo is the field al the 
boundary of the metal. In the infinite-medium problem, this corresponds to 


E'(+0) — E(—0) = 2iw By X ulc- 


We multiply both sides of (86.18) by e “* and integrate with respect to x from ~= 
to ©.+ On the left-hand side, we write 


x 0 n » 
E’e ® dx = [ (E’e *y’ dx +| (E’e*)' dx + ix | F’e* dx. 
x er 0 a) 


Since the field E(x) is zero at infinity, the first two integrals give just the difference 
E(—0)— E(+0). In the last term we can simply integrate by parts, since E(x) itself 
is continuous. The result is 


2iw Bo X u/c + K°E(k) = 47iwi(k)/c’, 
where E(k) and j(k) are the Fourier transforms of E(x) and j(x). 


According to (86.15), these transforms are related by ja(k) = oag(k)Ep(k). We 
then find the expression 


E.(k) = fag(k)(Bo X u)g, (86,19) 
where ¢,(k) is a two-dimensional tensor specified by means of its inverse: 


4 riw 


ap (k) = ~ 5 kBap ~ Hoagie (86.20) 


The argument of ogg is written as [{k], as a reminder that it is the maguitude of the 
vector k. 


+The subsequent calculations are formally identical with those in the problem of magnetic field 
penetration into a superconductor (SP 2, §52). 


Px 1 -¥ 


374 Metals 


The function E(x) itself is obtained from (86,19) on multiplying by e”™ and 
integrating over dk/27. Since (.g(k) is even, we have 


Ba(a)= | fag(k) cos kx dk. (BoX w)y (86.21) 


In particular, the field at the boundary of the metal is 


Ea = bap BoX np, ap =| bool) dk (86.22) 


For an actual calculation of the surface impedance, we take the principal axes of 
the symmetrical tensor o.g(k) as the y and z axes. The tensor f.g is brought to 
principal axes along with ogg, and tts principal values are 


(a _2iw f° _dk pia = 22 AM? 
g me Jo Keb? mene 


where the A“ are the principal values of the tensor Ag. The integration givest 


: ‘ } IBP, 2 1p 
C= (1 iV3)"For- (<P aca) (86.23) 


The quantities A“ depend only on the shape and size of the Fermi surface. The 
impedance (86.23) does not depend at all on the electron mean free path. For an 
order-of-magnitude estimate, we can assume that the radii of curvature of the 
Fermi surface are ~ pr; then A ~ pf’, and 


6~(Ww’!ce’p?)". (86.24) 


The real part of the impedance determines the dissipation of the field energy iu 
the metal. In the approximation concerned (where electron collisions are ignored) 
this dissipation is of the Landau-damping type.4 


7The contour of integration (the right-hand half of the real axis) can be turned through — 7/6 in the 
complex k-plane without crossing any poles of the integrand. Integration along the line k = ue" gives 


and on substituting u?+ b = b/é, we 
e = = 
1= Fl em a-o ae 
0 
= T1/3)1(2/3) ei7é 
3b" TO) 
_ a(V3+i) 
pps 
+The pheromena which are the essence of the anomalous skin effect were first noted by H. London 


(1940). The qualitative theory of the effect is due to A. B. Pippard (1947), and the quantitative theory 
given here is due to G. E. H. Reuter and E. H. Sondheimer (1948). 
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The law of damping of the electric field within the metal in the anomalous skin 
effect is not exponential, and so the concept of the penetration depth has not the 
same literal significance as in (86.5). Since the integrand in (86.21) contains the 
oscillating factor cos kx, the integral for any given x is mainly governed by the 
range k ~ 1/x. A considerable decrease of the function E(x) occurs when these 
k > b'®_+ The penetration depth & is therefore of the order of b~", or 


5 ~(c*h*]we?A)!'® ~ (c*h*]we?pP)". (86.25) 


As the frequency increases, this depth continues to decrease, but more slowly than 
for the normal effect. The values given by (86.6) and (86.25), which we denote by 6, 
and 6,, are comparable in order of magnitude when 6~I. Since one of them 
decreases as w '? and the other as w ?, it is clear that for a given value of w we 
have 8, ~ 6,71. 

Lastly, some comments about the nature of electron reflection from the metal 
boundary. If the surface is ideal (free from defects) and coincides with a crystallo- 
graphic plane, the configuration of atoms in it has the periodicity corresponding to 
the translational symmetry of the crystal lattice. In that case, the reflection of an 
electron conserves not only the energy but also the tangential components p, and p, 
of the electron quasi-momentum. The normal component p; of the quasi-momen- 
tum of the reflected electron is determined from the value p, for the incident 
electron by means of the equation 


€(D vs Py Pz) = €(Pxs Py» Pz)> (86.26) 


and we must have vi= de/ap;>0, the reflected electron moving away from the 
boundary (the velocity of the incident electron is v, = de/dp, <0). Equation (86.26) 
may have several such solutions, and in general v, 4 —v,- 

For electrons at glancing incidence, however, these solutions always include one 
that corresponds to a small change in the quasi-momentum, with v, = —v, (i.e. the 
reflection is literally specular): an electron moving almost parallel to the boundary 
has a small v, = de/dp,, and this means that the electron corresponds to a point P 
on the constant-energy surface in p-space that is near the extremum of € as a 
function of p, (where de/dp, =0). Near such a point, on the other side of the 
extremum, there is always a point P’ where the derivative de/dp, differs only in 
sign from its value at P. 

It can be shown that the refiection of such an electron takes place, with very high 
probability, with this change of quasi-rmomentum. Moreover, the statement remains 
true for reflection from an imperfect surface having roughness of atomic dimen- 
sions, when there is, strictly speaking, no conservation of the tangential com- 
ponents of the quasi-momentum. An intuitive explanation is that the wave function 


*When x > 6, the integral (86.21) is governed by k < b‘®. Then {(k) ~ k, and the field E(x) decreases as 
Xe: 
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of the electron varies slowly in the x-direction and so does not “notice” the atomic 
roughnesses of the surface.f 

It is noteworthy that the value of the surface impedance in the highly anomalous 
skin effect is in fact fairly insensitive to the nature of the electron reflection. For 
example, in diffuse reflection (when all directions of the reflected electron are 
equally probable, whatever the angle of incidence), the value of the impedance 
differs from (86.23) only by a factor 9/8. The boundary condition for diffuse 
reflection from a plane surface is dri(v, > 0, v,, v,)=0 for x = 0. Here, however, 
the Fourier method is unsuitable, and the problem has to be solved by what is 
called the Wiener-Hopf method.t 


§87. Skin effect in the infra-red range 


We have now considered two limiting cases of the skin effect: the normal effect, 
when the mean free path | is the smallest of the three characteristic distances 6, | 
and v,/w; and the anomalous effect, when the penetration depth 6 is the smallest. 
Let us now take a third case, in which the smallest is 


vlo<6, vw <l. (87.1) 


This is reached tn a natural way from the anomalous effect by further increasing 
the frequency; although the penetration depth then decreases, the product w6 
increases as w”3, For ordinary metals. the conditions (87.1) are satisfied in the infra-red 
range. 

These conditions put a lower limit on the frequency. However, the validity of the 
results below, which are based on the theory of Fermi liquids, is also subject to an 
upper limit of frequency: hw <er. If this is not satisfied, quasi-particles are excited 
from the depth of the Fermi distribution, and these have no meaning in the Fermi 
liquid theory. 

To determine the relation between the current and the electric field, we must 
again go back to the transport equation. Now, however, because of the condition 
w > vfld, the term containing the time derivative is large compared with the term 
containing spatial derivatives, and because of the condition w > v,/l it is also large 
compared with the collision integral. Neglecting these terms, we have the transport 
equation in the form 


Putting d5n/dt = —iwSn, we obtain from this 


én = —(dnolde), Ww =eE. viiw. (87.2) 


*These statements are proved in the review article by A. F. Andreev, Soviet Physics Uspekhi 14, 609, 
1972. 
+See G. E. H. Reuter and E. H. Sondheimer. Proceedings of the Royal Society A, 195, 336, 1948. 


The absence of the terin containing the coordinate derivatives means that there is 
no Spatial dispersion. In this sense the skin effect is normal again. The presence of 
the time-derivative term, however, causes frequency dispersion of the conduc- 
tivity. The situation here is similar to that in calculating the permittivity of a 
collisionless plasma. The only difference lies in the anisotropy of the metal and in 
the Fermi-liquid effects. The latter have the result that the current density is given 
by an integral that depends not only on the distribution function 6n but also on the 
interaction function f(p, p’) of the quasi-particles (the conduction electrons). It 
should be noted that, because of the presence of the term d6n/dt in the transport 
equation, it is not possible here to eliminate the interaction of the quasi-particles by 
using the effective distribution function 6. 

According to (74.21) and (74.22), the current density is expressed in terms of the 
correction to the electron distribution function by 


dSp 2dS,- 
j=-e Jv [winey+ | flPrs PIWAP 75 ip) Ieee 


where pv is a unit vector in the direction of the velocity ve, which is the same as the 
normal vector to the Fermi surface. Substituting y from (87.2), we find the relation 
between the current and the field in the form j, = Oug(@)E,, with the conductivity 
tensor 


Cap = —(e7/iam )N (3, 


, aS 12dS (87.3) 
N&P = | Va Ez i | fore, Page| nk) : 


The symmetry of the tensor N{” is determined by that of the crystal. and does not 
depend on the direction of the field as in (86.15). In a crystal with cubic sy :metry, 
which we shall assume for the sake of simplicity, this tensor, and therefore og, 
reduce to a scalar: N‘f? = N“"S,., and 


o(w) = —(e?/ima)N™. (87.4) 


The description of the properties of the metal by means of this conductivity can be 
replaced, in the usual manner, by a description in terms of the permittivity 


€(w) = 1+ i. 420(w)/w = 1- 42e?7N“] mo?. (87.5) 


The notation N“ is used by analogy with the limiting expression (ECM. §59) for 
the permittivity at very high frequencies: « = | — 47e?N/ma’, where N is the total 
number of electrons per unit volume of the substance. Thus N“ in the infra-red 
optics of metals represents the effective number of electrons; it depends on the 
interaction function of the conduction electrons. 

Together with N'", it is useful to define also the effective plasma frequency 


0. = (4ne°N‘ mn), (87.6) 
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The conductivity is then 
o = 107/470. (87.7) 


The value of 0 is determined only by the parameters of the electron spectrum of the 
metal; as a rough estimate, therefore, it is equal to e-/h, the Fermi limiting energy. 
Since the present theory is restricted by the condition hw <er, we have 0 > w. 

The penetration of the field into the metal is described by equation (86.4), which, 
On substitution of o from (87.7), becomes 


E" — (Q7/c?)E = 0. 
The solution which tends to zero as x > © is 
E=K,e™, §=c/Q; (87.8) 


for typical metals, c/Q ~ 10° cm. The field is therefore damped exponentially, the 
penetration depth being independent of the frequency. The relation between the 
electric and magnetic fields is now given (as is easily seen by means Of the first 
equation (86.3)) by (86.8) with impedance 


{= —iw6/c = —ia/Q. (87.9) 


The purely imaginary impedance denotes total reflection of the electromagnetic 
wave from the surface of the metal, without dissipation. This is to be expected, 
since the approximation used has taken no account Of collisions of electrons, which 
are the cause of dissipation. 

With (87.7), the basic conditions for this theory to be valid may be written 


Q> w > Oov_lc. (87.10) 


The left---and inequality is usually compatible with hw > ©, where © is the Debye 
temperature. The Fermi parameter ve and the function f in (87.3) must then be 
taken not on the Fermi surface itself but for |e — €-|> ©. It has been shown in SP 
2, §65, that the electron-phonon interaction has the result that vp in this range 
differs from that in the range |e —e€-|<© (which is important, for instance, as 
regards the static properties of the metal at low temperatures); the same is true of 
the quasi-particle interaction function f. 


§88. Helicon waves in metals 


The fact that an external alternating magnetic field does not penetrate into a 
metal means that undamped electromagnetic waves with frequencies up to the 
plasma frequency (w ~ 2) cannot propagate in a metal. 

The position is quite different, however, in the presence of a static magnetic field 
B. This field alters the motion of the electrons and therefore greatly affects the 
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electromagnetic properties of the metal. It is important that the motion becomes 
finite in the plane perpendicular to the field. In strong fields, when the Larmor 
radius rg ~ cprleB of the orbit becomes small in comparison with the mean free 
path, 


rp <1. (88.1) 


or (equivalently) wg7 > 1, where wp ~ vel rg ~ eBlm*c is the Larmor frequency and 
7 ~lI/vp the mean free time, the electrical conductivity in directions transverse to 
the field is greatly reduced, tending to zero as B->®, We may Say that in these 
directions the metal behaves like an insulator, and so the energy dissipation is 
reduced in waves whose electric field is polarized in the plane perpendicular to B. 
The propagation of such waves without damping (in the first approximation) thus 
becomes possible. The permissible wave frequencies are limited by the condition 


w< we; (88.2) 


only if this is satisfied can the electron trajectories undergo appreciable curvature 
during the period of the field. thus altering the electromagnetic properties of the 
metal with regard to these frequencies. 

The finite motion of the electron (in the plane perpendicular to B) presupposes 
that its momentum trajectory, a cross-section of the Fermi surface, is also finite. 
The above discussion therefore applies to metals with closed Fermi surfaces for 
any direction of B, but to those with open surfaces only for directions of B such 
that the cross-sections are closed. With open cross-sections, the electron motion 
remains infinite in the magnetic field, the conductivity does not decrease, and the 
propagation of electromagnetic waves in the directions concerned cannot occur. 

Undamped electromagnetic waves in a metal may be regarded as Bose branches 
of the energy spectrum of the electron Fermi liquid. The macroscopic nature of 
these waves is shown by the wavelength, which is large compared with the lattice 
constant. For this reason, the excitations correspond to only a very small relative 
phase volume, and their contribution to the thermodynamic quantities in the 
metal is negligible. 

We again write Maxwell’s equations: 


curlB =4zyj/c, curlE=—(1/c)aB/at, (88.3) 


where B denotes the weak alternating magnetic field of the wave, in contrast to the 
constant B. Elimination of B from these equations gives 


curl curl E = grad div E— AE 
= —(47n]c?)dj/ at. 


For a monochromatic plane wave, this becomes 


(—kuk, + k?8.)Ey = 47iwj,/c?. (88.4) 
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The field E is expressed in terms of the current by E, = pagig, Where pop = 0 ‘ag is 
the resistivity tensor. We then obtain a set of linear homogeneous equations, 


[kK pag — Kakypyp — 4itiw8,p/ C7 lig = 0. (88.5) 


The determinant of this yields the dispersion relation for the waves. 

In §§84 and 85 we have derived the conductivity tensor for a metal (in the 
residual resistance range) in a strong magnetic field, for the stationary case. Let us 
now see how the results must be modified in the non-stationary case. 

The periodicity of the electric field in time and space (and therefore that of the 
alternating part of the electron distribution function) causes the presence of terms 


ddn don, : - 
at +v° ar iw6n + ik. von 


on the left of the transport equation; cf. (74.25). Similarly to (84.7), we put 6n and 
df in the form 


dn =(dnolde)eE.h, Sf = (dnl de)eE. g. 


According to (74.21), the functions h and g are related by the linear integral 
expression 


g=h+ | f(p, pih’ dSHvs2nh) = Lh. 


The transport equation then becomes 
dg/at —[I(g)+ iol 'p— i(k. v)g] = v. (88.6) 


It differs from (84.10) in that I(g) is replaced by the expression in the square 
brackets, which depends not only on the nature of the electron scattering by 
impurity atoms but also on the interaction between the electrons. 

Because of the condition rg <I, the term I(g) in (88.6) is much less than dg/dz, as 
it was in (84.10). Because of the condition w <ws, the term iwL”'g ~ iwg is also 
smal]. We shall impose also a condition on the wave number, kur < wz, Le., 


kre <1: (88.7) 


the wavelength must be much greater than the Larmor radius. Then the Jast term in 
the square brackets in (88.6) is small also. The method of solving the transport 
equation by successive approximation (§ 84) then remains valid, and therefore so do 
the results found there for the leading terms in the expansion of the conductivity 
tensor in powers of 1/B. However, because of the presence of w and k in (88.6), 
there will in general be frequency and spatial dispersion of the conductivity. 

The presence of several characteristic parameters of length and time, and the 
variety of geometrical properties of the Fermi surfaces, causes a multiplicity of 
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phenomena relating to the propagation of electromagnetic waves in metals. We 
shall consider in §§88 and 89 only some typical cases. 


Let us take the case of an uncompensated metal with a closed Fermi surface. 
According to (85.4) and (85.5), the largest component of the resistivity tensor is 


Pay = — Pyx = Blec(N, 7 Nu); (88.8) 


this belongs to the non-dissipative (anti-Hermitian) part of the tensor. This com- 
ponent is entirely independent of the form of the collision integral, and therefore of 
the form of the expression in square brackets in (88.6). The formula (88.8) remains 
valid in the wave field, therefore. 


The description of the medium by means of the resistivity tensor pog (or the 
conductivity tensor o,g) Is equivalent to the use of the permittivity tensor 


Eng = 47id gpl w, €''oa = wpagl Ami. 
The tensor €',g here has only the components 
€ yy = —€ aw = wB/4rice(N, — Nz). 
This is the same as that found in §56 for waves in plasmas, except that the electron 
density N, is replaced by the difference N, — N, The results of §56 may therefore 
be applied immediately to these waves in metals, which are likewise called helicon 
waves.t 
The dispersion relation for them is 

= CB|cos 6|/4a7e|N, — Nal, (88.9) 
where 6 is the angle between k and B. The electric field of the wave is elliptically 
polarized in the plane perpendicular to the magnetic field B. Taking the direction of 


B as the z-axis (as in §56), and the plane through k and B as the xz-plane, we find 
the electric field 


E, = +i] cos 6|E,, (88.10) 


the upper and lower signs relating to the cases N, > N, and N, <N, respectively. 


§89. Magnetoplasma waves in metals 


Let us now consider waves in a compensated (N, = N;) metal having a closed 
Fermi surface. In addition to the obligatory conditions (88.1) and (88.2), we shall 


+The possibility of the propagation of such waves in metals was noted by O. V. Konslanlinov and V. 
I. Perel’ (1960). 
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assume that the inequalities 
w>o-ll, w> kor (89.1) 


are also satisfied. The first of these implies that the collision integral I(g) in the 
transport equation (88.6) is much less than the term ioL'g, and the second 
condition implies that the term i(k. v)g is also small. Neglecting these terms, we 
have the equation 


dg/d7 — iol 'g =v, (89.2) 


which is obtained from (84.10) on replacing the term I(g) by iwL”'g. 

The results derived in §85 for the resistivity tensor in the stationary case 
therefore remain valid, except that the small parameter in the expansion in powers 
of 1/B is not rg/l but —iw/ws,. There is no spatial dispersion of the conductivity, but 
there is frequency dispersion. 

According to (85.7), in the stationary case the leading terms in the expansion of 
the resistivity tensor for a compensated metal are 


P22 = COnStant; — Pyxs Pyys Pry % B’; Pxzs Pyr % B. (89.3) 


To bring out the parameter rz/l in this tensor, however, we must ascertain how not 
only B but also | occurs in its components. To do so, we write, for example, the 
estimate 

Pxx ~ pollirs) ~ (BlecN )lirp. 
wherc po ~ pri Ne?l. Similarly 


Pyz ~ pollrg ~ BlecN, pz: ~ po ~ (BlecN )ryll. 


Now, with the above-mentioned change of expansion parameter, we find the tensor 
Pap (w) as 


(wp/— iw) ay, (wpl— iw)axy Ay, 
Pop = (BlecN) (wp/— iw )Qxy (wz/— iw) ayy Ayz 5 (89.4) 
~ Ay ~ ay, (- ic WB az: 


where all the a,g ~ 1 are dimensionless real coefficients, the quantities N and m* 
(in wz = eB/m*c) are to be regarded here as parameters chosen in some manner 
and having the correct order of magnitude. All the terms in (89.4) belong to the 
anti-Hermitian (i.e. non-dissipative) part of the tensor. It is therefore evident that 
including only these terms will give undamped waves. In the general case where the 
directions of B and k are arbitrary, the wave dispersion relation is expressed by 
fairly lengthy formulae. We shall consider only a particular case which illustrates 
the fundamental properties of these waves. 
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We shall suppose that the metal crystal lattice has an axis of symmetry with 
order higher than 2, and that the field B is along this axis (the z-axis). The quantities 
Qyx, Ayy and ayy = ay, form a two-dimensional symmetrical tensor in the xy-plane, 
which with the symmetry stated reduces to a scalar: ag = ayy = a;, Gy =0. The 
quantities a,, and a,, form a two-dimensional vector in the same plane, and with 
the symmetry stated are zero. Thus there remain only the components 


Prax = Pyy = (BlecN (wpl—iw)ay, ps: = (BlecN)(— io wp) a2. (89.5) 
We again take the xz-plane to contain the directions of k and B. If p,., which is 
small compared with p,,, is neglected, the dispersion relation separates into the two 
equations 
Arial c? — kK’ pyy =0, 4riwfc?— k2 px = 03 
here we assume that the angle @ between k and B is not too close to 47, so that 


k? is not too small (cos 6 > w/w). Hence we find as the dispersion relations for the 
two types of wave 


wo” = kuyV ay, 
w? = kualcos ive | (89.6) 
wheret 
us = B/(4aNm*)", (89.7) 


These are called magnetoplasma waves. The two types are respectively analo- 
gous to the fast magnetosonic waves and the Alfvén waves in plasmas.£ Oscil- 
lations corresponding to the slow magnetosonic waves cannoi have a speed w/k 
that satisfies the second condition (89.1), and therefore cannot occur in metals. 


890. Quantum oscillations of the conductivity of metals in a magnetic field 


The theory of galvanomagnetic effects given in §§84 and 85 was quasi-classical, 
in the sense that quantum behaviour appeared only in the electron distribution 
function: the discreteness of the energy levels in the magnetic field (with closed 
electron trajectories) was not taken into account. This discreteness causes, 
however, a qualitatively new effect, namely oscillations of the conductivity as a 
function of the magnetic field, called the Shubnikov-de Haas effect. This is 
analogous to the oscillations of the magnetic moment (the de Haas—van Alphen 


tWith the dispersion relations (89.6), (89.7), the condition kus <w signifies that we must have us > vr. 
In attainable fields B, this can in practice be satisfied only in semi-metals (such as bismuth) with a low 
carrier density. 

+The possibility of such waves was noted by S. J. Buchsbaum and J. Golt (1961). The theory given 
here ts due to E. A. Kaner and V. G. Skobov (1963). 
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effect), but the theory of it is more complex because it is a transport effect and not 
a thermodynamic effect. We shall consider it in terms of a model of non-interacting 
electrons, leaving aside the question (which does not appear to have been in- 
vestigated) of Fermi-liquid effects. 

As in §84, the magnetic field will be assumed strong in the sense of the condition 
(84.1), which we write in the form 


Wpt > 1, (90.1) 
where 7 is the electron mean free time and 
wp = eB/m*c (90.2) 


the Larmor frequency; rm* is the cyclotron mass of the electrons.f 
At the same time, of course, the field must not be so strong as to violate the 
quasi-classicality condition 


hwp << €p. (90.3) 


There may be any relationship between fiwg and T. 

We shall examine only the quantum oscillations of the transverse (relative to 
the magnetic field, which is in the z-direction) conductivity, and assume in 
order to simplify the formulae, that the crystal has a symmetry 
axis (of order >2) parallel to the magnetic field. In such a crystal the 
symmetric (dissipative) part of the conductivity tensor has only the components 
Oxx = Oy and o;,. The comparative simplicity of the problem for the transverse 
components arises because for them the influence of collisions may (as we have 
seen in § 84) be regarded as a small perturbation in comparison with the influence of 
the magnetic field; this is not so for the longitudinal conductivity o;,,,4 

As in §84, we consider a metal in the residual resistance range, so that we are 
concerned with collisions between electrons and impurity atoms. Since these 
collisions are elastic, electrons with different energies take part independently in 
producing the electric current, 

Let g(e) be the number of quantum states of an electron per unit energy range. 
Then the spatial number density of electrons with energies in the range de is 
n(e)g(e) de, where n(e) denotes the state occupation numbers. Let j,(é) be the 
transverse current density generated by these electrons, When both an electric field 
and an electron density gradient are present, the current density is the sum 


j(€) = eD(e)g(e)an/ day + oy, (EJE,. (90.4) 


+The definition (SP 2 (57.6)) is m* = (1/2m)aS/de, where S(e, pz) is the area of the cross-section of the 
constant-energy surface by a plane p,=constant; this surface is here defined in p-space, not in 
p/h-space as in SP 2. 

tFor the antisymmetric part of the conductivity tensor, the quantum oscillations occur only in the 
second approximation with respect to I/wer. 
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The first term is the diffusive charge transfer; D(e) is the diffusion coefficient (in actual 
space) for electrons with energy e. The current (90.4) must be zero for the distribution 


no(€ — ep) ~ No(E) — e—anol de, 


which corresponds to statistical equilibrium of the electron gas in a weak static 
electric field with potential g(r) (10 being the Fermi distribution). Hence we have as 
the relation between o,,(e) and D(e) 


Oy. (€) = —e?2(€)D(E)Anol de. 


The total electrical conductivity, including the contributions from electrons of all 
energies, is 


Oyy = ~e'f geD() tae =-e’> D(c,) Ae. 90.5) 


The summation in the last expression is over all qt antum states of the electron; s 
conventionally denotes the set of all the state quantum numbers. This formula 
reduces the calculation of the conductivity to that of the electron diffusion 
coefficient in the absence of the electric field. 

The diffusion coefficient is in turn expressed in terms of the properties of the 
microscopic scattering events by a formula of the type (21.4): 


D = Ddi(Ayy/28t, 


where the summation is over the collisions undergone by an electron in the time &t, 
and Ay is the change in the mean value of the electron coordinate y in the collision 
(the electron motion is finite in the plane perpendicular to the field, and in the 
intuitive picture of quasi-classical orbits Ay is the displacement of the orbit centre). 
Let 


Nimp W,s8(€s — €s-) 


denote the probability of an electron transition from state s to state s' in scattering; 
the delta function expresses the fact that the scattering is elastic, and the factor 
Nimp, the concentration of impurity atoms, expresses the fact that scattering by 
randomly distributed atoms takes place independently. The diffusion coefficient is 
then 


D(é;) = 4 Nimp 2s (ys a ys)’ W555 (€, = es), 


where y, is the mean value of the coordinate in state s. Substituting this expression 
in (90.5), we find the conductivity 
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Oyy ~~ 2 e?Nump 2, (Ys — ye le) W-s8(€s — €5) (90.6) 


(S. Titeica 1935, B. I. Davydov and I. Ya. Pomeranchuk 1939).¢ 

In practical applications of this formula the significance of s must be made 
explicit. Discrete quantization of conduction electron energy levels in a magnetic 
field occurs when there are closed quasi-classical trajectories in p-space (i.e. closed 
cross-sections of the constant-energy surfaces), and we shall assume that this is so. 
The quantum states are defined by four numbers: 


s= (n, P,, P, = Pz, o), (90.7) 


where n is a (large) positive integer; o = +1 denotes the value of the electron spin 
component; P, and P, are components of the generalized quasitmomentum P= 
p-—eA/c. The vector potential of the magnetic field is chosen in the gauge 
A, =— By, A, = A, = 0. Because the coordinates x and z are cyclic, the generalized 
quasi-momentum components P, and P, are conserved; see SP 2, §58. The energy 
levels depend on only the three quantum numbers n, p, and o; they are given by 


Enc (Pz) = €(N, pz) + oBBE,(pz), (90.8) 


the function e(n, p.) being the solution of the equation 


S(€, p,) = 27(ehB/c)(n +4). (90.9) 


In the second term in (90.8), B = eh/2mc is the Bohr magneton, and the factor &,(p-) 
represents the change in the electron magnetic moment due to spin-orbit inter- 
action in the lattice. 

The conductivity tensor considered in §§84 and 85 is actually the result of 
averaging the exact functions o,g(B) over small quantum oscillations. In particular, 
from (85.3), the transverse conductivity thus averaged is 6, « B~?. We shall show, 
first of all, that this result follows from (90.6), and ascertain the relation between 
the quantities W,, in this formula and the function w(p’, p) in the quasi-classical 
collision integral (78.14) for electrons and impurities. 

It has been noted in §84 that the condition for quasi-classical motion of the 
electrons ensures also that the scattering process is independent of the magnetic 
field. The scattering probability in the absence of the field, with change of 
quaSi-momentum from p to p’, has been expressed in the collision integral (78.14) as 


w(p’, p)d(e ~ e’) d*p'/(2ah)’. (90.10) 


In order to put this in a form suitable also for scattering in a magnetic field, it need 


tin scattering by impurities, the Pauli principle does not affect the formulae; cf. the collision integral 
(78.14), in which the products mn’ associated with this principle cancel. 


§90 Quantum Oscillations of the Conductivity of Metals in a Magnetic Field 387 


only be changed tu . ariables which remain meaningful for motion in the field: 
W(P 5, pis €'s Px Dz» €)5(€ — €') dP, dp, del(27h)’vy ; (90.11) 


the derivative v, = de/dp, also is understood to be expressed in terms of the new 
variables. The y-coordinate in motion in a quasi-classical trajectory is related to the 
generalized quasi-momentum by P, = p, + eBy/c; hence the mean value over the 
trajectory is 


y = (c/eB)[P, — p,(6, p-)] = «/B. (90.12) 


The conductivity G,, averaged over the oscillations is found from (90.6) by 
replacing the summation over the discrete variable s by integration over the 
continuous variable e. Using for brevity the notation 


ale p's p= | (x — KF w dP, dP Joos), (90.13) 


we find 
2 dp. dp:, 


Rae 2 st OL 
oy, = Men |g ae OLE SBE de oars 


(90.14) 


the factor 2 comes from the two directions of the electron spin, and the scattering 
probability is assumed independent of the spin, so that the spin component is 
unchanged. The delta function is removed by the integration over e€'; in that over e€, 
we can regard the slowly varying factor a as constant, and equal to its value for 
€ = p, and integrate only the derivative dno/de. The result ts 


2 F] 
- _ © Nimp 2 dp. dp: _ \ i 
Oy. B a (ahi)? B? b(p.) .2 dp,. (90.15) 


Let us now take into account the discreteness of the levels. The integration in 
(90.14) over the continuous variable € (with fixed P, and p,) must then be replaced 
by a summation over n, with 


eee ee 


where 


hwpg = de(n, p,)/ an, 


as is clear from (90.9) and the definition of the cyclotron mass m*. With the 
notation given above, we have 


_-- Be! > yy A(Encs Pi Ls elas) 


X 8 (Eno — En'owphiw sp tnt (90.16) 
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because of the integration over both variables p, and pj, the function a may be 
regarded as symmetrical with respect to them. 

The oscillatory part 6, of this expression is separated by means of the Poisson 
summation formula (cf. SP 2, § 63): 


5F(0) + > Fw) = [ Fw dx +2 red | Fee?™ dx, (90.17) 


and arises from the sum over | in this formula, whereas the averaged o,, comes 
from the first (integral) term. 

We shall suppose that the oscillation amplitude is small in comparison with the 
averaged Gy; this imposes a certain condition on the magnetic field strength (sce 
(90.26)). It is then sufficient to take account of the oscillatory part in only one of the 
sums over n and n' in (90.16). Using the symmetry of a with respect to p, and p}, 
and defining b by analogy with (90.15), we have 


= red, Dae Tix. (90.18) 


=lo=2 


where J,, is the oscillatory part of the integral 


Jie fas -[" dn | bos Dz y Mohn) Bee FE g es dp, 


With e(n, p,) from (90.8) as a variable of integration in place of n, we integrate by 
parts with respect to € (and can regard the slowly varying factor b as a constant). 
The integrated term does not give an oscillatory dependence on the field (and is 
only a small correction to G,,); omitting it, we have 


b(€, pz) 
i, =2nit [ lea mn —u, IT] +1 oe ” dp. de. (90. 19) 


Here po = p — oBEB, and 


cS(€, p:)_ 1 


anehB 2 (90.20) 


n(€, p.) = 


(cf. (90.9)); in the argument of the function b(€,., pz), the term B&B has been 
neglected in comparison with the large quantity e. 

The integration over p, in (90.19) is carried out in exactly the same way as that 
which occurred in SP 2 (63.8) in the study of the de Haas—van Alphen effect. The 
integral is governed by the ranges near the points pz = pzex(€) at which n(e, p.) (te. 
the cross-sectional area S) has an extremum as a function of p,. The result is 


=> "AniV | exp{27iln., + (1/4)it}bex(e) dnex 
o f{expl(e— p.)/T]+ 1}. a?nfap |? de 


de, (90.21) 
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where 


Nex(€) =n(e, Pzex(€)), bex(€) = be, Prex(€)), 


and the + signs in the exponent refer to the cases in which p.., iS respectively a 
maximum or a minimum of n(e, p.); the summation is over all extrema. 

The integral (90.21) in turn is exactly analogous to the integral SP 2 (63.9), 
differing only in the slowly varying factors b and dn,,/de=cm*X/ehB in the 
integrand; these factors, and |d?n/dp,|/”, may be replaced by thei: values at € = 2, 
i.e. on the Fermi surface. The integration over € and the summation over o then 
lead to the final result 


ex [= 


(1) 7 (oh 


Oy ~~ OR pnp 


cS, | 
= 1a paca Freee 
Gy Td io cos{ IS chp ta? a}, 
sy? 4, 
ap, ex sinha, 
A, =277IT}hwp, wy = eBlmic, 


(90.22) 


cos (mlE.,.m3/m), 


where Sx, &x, m& and b,, are taken at € = p on the Fermi surface.t 

If for a given direction of B there is only one extremal cross-section of the Fermi 
surface, there is proportionality between the oscillatory parts of the conductivity 
oy and the longitudinal magnetic susceptibility, Comparison of (90.22) with SP 2 
(63.13) gives 


43k 
Os = = Gali eb Me (90.23) 

The foregoing calculations presuppose that the oscillation amplitude of the 
conductivity is small in comparison with its averaged value, This requirement is 
indeed the condition for the whole theory in §§ 84 and 85 to be applicable: it is clear 
that the averaged values have real significance only if they form the major part of 
the conductivity tensor. 

When fiwg ~ T, the oscillation amplitude is determined by the leading terms in 
the sum in (90.22), with | ~ 1, A, ~ 1. According to the definition in (90.15), the value 
of b,x can be estimated as b,, ~ GB?/pr. The derivative a?S/dp? ~ 1. Hence we have 
the following estimate of the oscillation amplitude: 


61g ~ (Hepler), fiwp ~ T. (90.24) 


This ratio is small, because of the obligatory condition (90.3). 

If T <fiwp, however, the estimate is changed. The oscillation amplitude is then 
determined by the sum of a large number of terms in (90.22), having A,~ I, Le 
| ~ fiwp/T > 1. The number of such terms is of the order of | itself. In comparison 
with the previous estimate, we now have an additional factor [~"?I ~ (iwp/T)!, so 


+The oscillations of the conductivity were discussed by A. I, Akhiezer (1939) and by B. I. Davydov 
and [, Ya. Pomeranchuk (1939) for a quadratic electron dispersion relation, and by A. M. Kosevich and 
V. V. Andreev (1960) for any dispersion relation. 


Pew Z 
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that 
GIG ~ (heplep)'’Giwal T)'”. (90.25) 


The requirement that this ratio be small leads to the condition 


hop <(erT)". (90.26) 


PROBLEM 


Determine the transverse conductivity of an electron gas with a quadratic dispersion relation 
(e = p?/2m). The electrons are scattered isotropically by impurity atoms, with a cross-section that is 
independcnt of the energy. 

SOLUTION, The problem amounts to the calculation of b{p-) in (90,15) and (90.23). With a quadratic 
dispersion relation, p= my, and p= 0 since the mean velocity along a closed trajectory is ¥ = 0; hence, 
by (90,12), « = cP,/e. According to the discussion in the text, when calculating the mean value of 
(« —«'Y we can regard the scattering process as independent of the magnetic field. The difference 
bctween P and p is then unimportant: if the position of the scattering atom is taken as r=0. we have 
P= p. 

In the case under consideration, the scattering probability has the form voodo'/4z, where do’ is the 
solid-angle element for directions of the momentum p’ after scattering, and oo is the constant total 
scattering cross-section. This expression may be put in the equivalent form 


{aof4am) dp: dg' 5(e — €') de’, 


where gq’ is the azimuthal angle for the direction of p’ in the xy-plane, and it here replaces (90.11). 
Similarly, we write the volume element in p-space as d p— m dp, dg de, and 


px = Qme— poy cos @ 
We then find 


dg d oot 
fi ~ = OE ame p: ~ p?) 


ate, Pz P= 2 fp Px py 


and 
VQme) 
ble, Pz) = Nim | a dp WQahy 
V(Qme) 


= ¥en) (Io me-p?), 


~ 1677A'l 


where | = I/{aoNimp is the mean free path, 
The averaged conductivity is calculated from (90.15): 


yy = C’prN/B’L, 


where N = pr'/[3a7h' is the number density of electrons, The cross-sectional area of the Fermi sphere is 
greatest at p: =0, and S..= apr. Hence 


bex = Sc’ N/16L 
The oscillatory part of the conductivity is, form (90.23), 


5 aM, 
B o 6Nex aB 


Dy = 


That of the magnetization, M., for the model in question is given by SP | (60.6). 


CHAPTER X 


THE DIAGRAM TECHNIQUE FOR 
NON- EQUILIBRIUM SYSTEMS 


891. The Matsubara susceptibility 


THE study of the behaviour of various systems in a weak alternating external field 
usually amounts to the calculation of the appropriate generalized susceptibilities. In 
this section we shall derive expressions relating the generalized susceptibility to an 
auxiliary quantity which may be calculated by means of the Matsubara diagram 
technique; this opens the way to the use of such a technique to study the transport 
properties of various systems (A. A. Abrikosov, I. E. Dzyaloshinskii and L. P. 
Gor’kov, 1962). 

The generalized susceptibility a(w) is defined as follows (SP I, §123). Let the 
external action on the system be described by the inclusion in the Hamiltonian of a 
perturbing operator 


V(t) = — Xf(t), (91.1) 


where X is the Schrodinger (time-independent) operator of some physical quantity 
describing the system. and the perturbing generalized force f(t) is a given function 
of time; we assume that the mean value of x is zero in the absence of the external 
action. Then, in the first approximation with respect to f, there is a linear relation 
between the Fourier components of the mean value X(t) and the force f(t), and the 
generalized susceptibility is the coefficient in this relation: 


XK, = a(w)f,. (91.2) 


According to the Kubo formula (SP I, § 126), the function a(w) can be expressed 
in the operator form 


a(w)=1 [, e' (X(t) Xo(O) — XalO)Xo(t)) dt, (91.3) 


where X(t) is the Heisenberg operator defined in terms of the unperturbed 
Hamiltonian of the system (indicated by the subscript 0), and the averaging is over 
the specified unperturbed stationary state of the system, or over the Gibbs 
distribution with the unperturbed Hamiltonian.+ 


+Throughout this chapter we take f= 1, 


39] 
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Let us now consider, purely formally, a system obeying the “Matsubara” 
equations of motion, which differ from the actual equations by the change of the 
time t >—i7; the new variable 7 takes values in the finite range 


-l/T <7<]/T. (91.4) 
Let this system be subjected to a perturbation 
V(z) = — £f(1). (91.5) 


The mean value X will then also be a function of 7. We expand the function f(7) in 
Fourier series on the range (91.4): 


f(xa)= >> fev", £,=2asT, (91.6) 


and the function X(7) similarly.t The Matsubara susceptibility is defined as the 
coefficient of proportionality between the components of the two expansions: 


KX, = am({,)f.. (91.7) 
Our aim is now, firstly, to obtain for aa;(Z,) a formula analogous to (91.3) and, 
secondly, to find a relation between ay (Z,) and the function a(w) which is sought. 


For the first task, let H be the unperturbed Hamiltonian of the system. The 
“exact”? Matsubara operator of x is calculated ast 


RM (7) = E7'(7, OK" (7)G(z, 0), (91.8) 
where co is the Matsubara S-matrix: 
G(7, 0) = T, exp{- [ Vo™ (z') ar't, (91.9) 
0 
and the subscript 0 denotes operators in the Matsubara “interaction represen- 
tation’’:§ 
Xo (7) = exp(tHy)& exp(—7Ho) (91.10) 


and similarly for Vo™(z). In first-order perturbation theory, the expression (91.9) 
reduces to 


G(7,0)=1- | Vo" (r') dr’. (91.11) 
0 


+For x, which has a classical limit, we must use the technique corresponding to Bose statistics; the 
expansion (91.6) is then made in terms of ‘“‘even frequencies” £:. 

All the concepts and formulae used below may be found in SP 2, §38. 

§ Formula (91.8) is valid even when the initial operator V(r) depends explicitly on 7, although this has 
not been implied in the derivation given in SP 2, § 38. 
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The value averaged over the Gibbs distribution is 

Kz) = trfe WTR (7). (91.12) 

According to SP 2 (38.6), we have 
e HT — e- HoT (T/T, 0) 
: vr 
= emur(y -{ Vom (z') ar’), 
0 
and by (91.8) and (91.11) 
EM (x)= kal ()— |" Gaal (2) Vall (x!) — Vol (rV50™ (a) dr’ 
0 

Substitution of these expressions in (91.12) gives with the same accuracy 


X(7) = rf e Fer f [Vor (1')&o™ (7) ae £0 (7) Vo" (7')] dt' 
0 
ut 


= Vo" (4')Xo(7) ar |} 
u 


In the first integral, the variable 7'<7; in the second, we divide the range of 
integration into those from 0 to 7 and from 7 to 1/T. After cancelling, and 
substituting for Vo(z) from (91.5), we see that the result may be written 


UT 


(7) = f f (t'XTX0™ (7)X0™ (7')) dr’; (91.13) 


the operator T, of chronological ordering with respect to 7 places the factors in 
order of increasing 7 from right to left, without changing the sign of the product. 
The averaging in (91.13) is over the Gibbs distribution with the Hamiltonian Ab. 
The result of the averaging depends only on the difference 7 — 7’. Finally, putting 
f(z’) in the form of the Fourier expansion (91.6), we obtain the required formula for 
the Matsubara susceptibility: 


uT 


on (Z) = [ e¥"(T 50M (7)Ro™ (0)) dr. (91.14) 


We see that ay(Z,) is expressed in terms of the Fourier component of the 
Matsubara Green's function constructed from the operators x; cf. the definition in 
SP 2 (37.2). Note the difference from formula (91.3) for a(w), which contains the 
retarded (with respect to the time tf) commutator, not the chronological product. 

To deal with the second part of the problem, that is, to find the relation between 
the functions a(w) and ay(Z), we must start from (91.3) and (91.1), and express 
these functions in terms of the matrix elements of the operator x. We shall not give 
the relevant calculations here, since they are practically identical with earlier similar 
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ones (SP 1, §126; SP 2, §§36, 37), but simply give the result: 


a(w)= 2 e- ryt [nal _¢y —e eawlTy (91.15) 


@ > Wma + 10 


om(f.) = >, ev Pelt nal ¢y en em T) (91.16) 


ifs =" a 


Here the X,, are the matrix elements of the Schrédinger operator % with respect to 
the stationary states of the system, and wm, = Em —E,. Comparison of the two 
expressions shows that 


am (4s) = a(iZ;), G > 0. (91.17) 


Since the generalized susceptibility a(w) is real on the positive half of the 
imaginary w-axis, the function ay(Z,) is real when @, >0. It is seen from (91.16) 
that oas(~f,) = a#(Z,). Thus ay(Z,) is a real even function of Z,, expressed in terms 
of a(w) by 


om (f.) = a(i[Z;))- (91.18) 


This gives the required relation. To determine a(w), we must construct a 
function that is analytic in the upper half of the w-plane, whose values at discrete 
points w = if, on the positive half of the imaginary axis are equal to ay(Z,); this 
will give the required generalized susceptibility. 

In the next chapter, the above method will be applied to the transport properties 
of superconductors. 

To conclude, we shall show that from a(w) we can find the relaxation formula 
for the quantity x reaching its equilibrium value x = 0. To do so, we shall suppose 
that the initial non-equilibrium value of x is produced by a generalized force f(t) 
acting when t <0 but not thereafter. The value of x(t) at a time ft is determined by 
the values of f throughout the preceding time: 


xo=f alt —t*)f(t") dt’, 


the function a(t) being related to the generalized susceptibility by the inverse 
Fourier transformation 


a(t)= ie a(w)e dwf27; 
cf. SP 1, 8123. If f =0 when t >0, then 
6 
x= | a(t — t')f(t’) dt’ 


The behaviour of x(t) for large t is determined by the asymptotic form of a(t) as 
t—«,. The latter in turn is determined by the singularity of a(w) that is in the lower 
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half-plane and closest to the real axis. In particular, the relaxation of x by a simple 
exponential law x x e? with relaxation time 7 corresponds to a simple pole of 
a(w) at w = — it. 


§92. Green’s functions for a non-equilibrium system 


Problems in physical kinetics always involve the consideration of non-equili- 
brium states. Nevertheless, the application of the method described in §91 allows, 
in some cases, the calculation of kinetic quantities to be reduced to that of Green's 
functions for systems in thermodynamic equilibrium, and this shows the possibility 
of using a diagram technique (e.g. the Matsubara) which is essentially -pplicable to 
equilibrium states. Of course, this possibility is always limited to physical problems 
relating to states not far from equilibrium. 

We will now proceed to set up a diagram technique that is in principle suitable 
for calculating the Green’s functions of systems in any non-equilibrium states. The 
equations then obtained for the Green’s functions are similar to the transport 
equations as regards their significance. As applied to equilibrium systems, however, 
the same technique makes it possible to obtain the Green's functions and the 
generalized susceptibilities (at non-zero temperatures) as functions of continuous 
real frequencies directly, without any need for analytical continuation; for this 
reason it may prove, in complex cases, more useful than the Matsubara technique. t 

Green’s function for a non-equilibrium system is defined in the same way as in 
the equilibrium case: 


IGoyo(X1, X2) = (n[TV (XV E(X2)|n) 


eo ie OXOVEOGn), > a 
¥(n|V EXD) (X In), fy << fo. 


(92.1) 


The only difference is that the averaging (denoted by (n|...|n)) is now taken over 
any quantum state of the system, and not necessarily over the stationary state as in 
the equilibrium case.{ The upper sign here and below refers to Fermi Statistics, and 
the lower sign to Bose statistics; in the latter case (for a system of spinless 
particles) the spin suffixes oj, o2 must of course be omitted. In the case of Bose 
Statistics it is assumed that there is no condensation. i.e. that the systems con- 
cerned either do not have a conserved number of particles (phonons or photons), or 
are at temperatures above the point at which condensation begins. In an in- 
homogeneous non-equilibrium system, the function (92.1) depends on the pairs of 


iThis technique is due to L, V, Keldysh (1964). In some respects it resembles that developed by R. 
Mills (1962) for equilibrium states. 

tThe definition of G in SP 2, §36, for an equilibrium system with T= 0 also involved averaging over 
the Gibbs distribution. Le} us here mention once more that, according to the fundamental principles of 
Statistical physics, the result of a statistical averaging for an equilibrium system is independent of 
whether it is carried out with respect to the exact wave function of the stationary state of a closed 
system or by means of the Gibbs distribution for a system in a “thermostat”. The only difference is that 
in the first case the result of the averaging is expressed in terms of the energy and number of particles in 
the system, and in the second case in terms of the temperature and the chemical potential. 
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variables X;=(t,,r1) and X,=(t2,r2) separately, and not only on their difference 
X,— Xz as in the equilibrium case. 

The diagram technique should enable us to express the Green’s function of a 
system of interacting particles in terms of the functions for an ideal gas. There is, 
however, a necessity to introduce other functions besides G. In order not to 
interrupt the subsequent analysis, the definitions and some properties of these 
functions will now be given. 

For reasons which will appear in § 93, it is appropriate to denote the function 
(92.1) by G~: thus we write this definition in the formt 


iG 12 = (TY, W,") 


=e. (V,¥,"), fy > ‘a 
e (iT), th<te. (92.2) 
The definition 
iG D = TH WY," 
+(0,'V,), {> | 
1 Ob yh, 92.3 
(VY), th<b (92.3) 


differs from (92.2) in that T is replaced by T, which signifies that the operator 
factors are arranged in the reverse of chronological order, with decreasing time 
from right to left. 
Two further functions are defined as the mean values of the products of 
W-operators not in chronological order: = 
’ “M ¢ Lf 
IGh =(,V,'), iGo =F iv). (92.4) 


The difference in the signs in these definitions for Fermi systems is due to the 
general rule that there must be a change of sign when W-operators are inter- 
changed. 

The second function (92.4) with t,= ft. =t is the same as the one-particle density 
matrix; written in full, 


FIG"'(t, 145 t, 2) = Np(ty ry €2) (92.5) 


(cf. SP 2 (7.17), (31.4)). Here it does not matter from which side f2 tends to the limit 
ty, since G * is continuous when t)=t,. The value of iG*~ with ft, = f2 is related to 
that of iG~* by 


i{G*"(t, ry; t,12)- G*(t, m3 t, r2)} = 8(r1— 12), (92.6) 


which follows from the commutation rule for Fermi or Bose V-operators. 


+To lighten the notation, we shall regard the spin suffixes as included jin the variables X = (t,r, 7). 
Where no misunderstanding is possible, we shall also simplify by using suffixes to represent the 
arguments X: ¥y= ¥(X)), Gp = G(X, X2). etc. Lastly, the averaging will be denoted by (. . .) simply, not by 
{n|...|n). 
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The four G functions thus defined are not independent. They are linearly related 
in a way that is obvious from their definitions: 


G +G**=G°*4+Gr (92.7) 


The functions G~ and G** are also connected by the relation of “‘anti-Hermitian 
conjugacy” when their arguments are interchanged: 


Gn =— Gy*. (92.8) 


The functions G * and G* are themselves anti-H ermitian: 
Gy =—-Gi*, Gh=-Gy*. (92.9) 


The relation between these functions and the retarded or advanced Green's 
functions will be important in the following discussions. These latter functions are 
defined similarly to those in the equilibrium case (cf. SP 2, § 36): 


iG R ae oe Bs i YW), tr> fa, 
i 0, I< to; 
(92.10) 
iG&=| er ae ty > to, 
Pe ey te), oth<th. 
These two are Hermitian conjugates: 
Gh = Gh. (92.11) 
Direct comparison of the definitions (92.2)--(92.4) and (92.10) gives 
G=G'°-G*= et 
G4=G ~Gt-=G"*-G". (92.12) 


In the steady state with spatial homogeneity, when all functions depend only on 
the differences t = tj— t; and r=r,—Yr2, they can be Fourier-expanded with respect 
to these variables. From (92.8) and (92.11) the Fourier components satisfy the 
equations 


G~"(, p) = —[G**(e, p)]*, G*(a, p= [G*(w, p)]*, (92.13) 
and it follows from (92.9) that the Fourier components G~ (w, p) and G~*(a, p) are 
imaginary. 


For a system of non-interacting particles the function G~ satisfies the equation 


GoilG®” = 6(X,- X), (92. 14) 
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where Gy! denotes the differential operator 


Aa Nes i sree ~;24A 
Go is EC iV)+p in tan to (92.15) 


e(p) = p’/2m, and 
5(X4— Xr) = 8 o,0,5 (ti ~ t2)8(ry— 12); (92.16) 


the superscript (0) to G indicates that this function pertains to an ideal gas, and the 
suffix 1 to Go! indicates that the differentiation is with respect to the variables ¢, 
and r,. The delta function on the right of (92.14) arises from the discontinuity of the 
function G~ at t;= t).t The functions G® and G* have a similar discontinuity, and 
therefore GO® and G® satisfy a similar equation. The function G** has a 
discontinuity of the opposite sign at f;= t), and therefore 


GoiGQ** = — 8(Xi— X)). (92.17) 


Lastly, the functions G*” and G™* are continuous at t;= t2, and so, for an ideal gas, 
they satisfy the equations} 


GoiG? =0, Giic?* =0. (92.18) 


We shall calculate all G functions for a stationary homogeneous state of an ideal 
gas, with some (not necessarily the equilibrium) momentum distribution n, of the 
particles. To simplify the formulae, we shall suppose that this distribution is 
independent df the spin. The spin dependence of the G functions (in Fermi 
Statistics) then Separates as a factor 6,,.,, and we shall omit this factor together 
witb the spin suffixes. 

The W-operators for an ideal gas are written as ordinary expansions 


Welt. x) = 7D Gy explilp-r—e(p)t + ut]}, (92.19) 
Pp 


and similarly for Vo"; see SP 2 (9.3). When these expressions are substituted in the 
definitions of the G functions, it must be remembered that the only non-zero 
diagonal matrix elements are those of products of particle annihilation and creation 
operators with the same p: 


a +A oe AA OTE _ 
(Gp Gp)= Np, (apap) = 1 ¥ ny, 
+See SP 2, §9. The derivation given there does not depend on the assumed averaging over the ground 
state of the system, and remains valid for averaging over any quantum state, 
fIf the differentiation is with respect to the second, not the first, variables in the G functions, the sign 
of ia/at must be changed, i.e. the operator Gor must be replaced by Gos": 


Gol*GR = &(X,~ Xd), (92. 14a) 


and so on, 
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Thus we find, for example, 


. ; : a3 
GO-“(t =ty np exp{ip .r~ ie(p)t + int} os, 


where t = t;— ft, r=ri—Yr2 With an identical transformation of this expression into 


GO (tr) = +27 | n, exp(ip . r — iwt )5(w — € + p) dw d’pf(2z)', 


we see that 
G*(@, p) = + 277in,6(w ~— € + p). (92.20) 
Similarly, 
G (a, p) = — 2mi(1 ¥ n,)8(w — € + p). (92.21) 


To calculate G*, it is most convenient to start directly from the equation 


[i < e(—iV) + p|ooe, r) = 5(t)5(r), 


gad 


solve it by the Fourier method, and use the fact that G*(o, p) cannot have a 
singularity in the upper half of the w-plane. This gives immediately 


GR (ew, p) = [w — e(p)+ p+ id; (92.22) 


the function G®(a, p) is found from this, in accordance with (92.13), by simply 
taking the complex conjugate. 
Lastly, (92.12) then gives 


G (o, p) = [w—«(p)+ p +idy + 27in,d(w —€ + p) 
] 


= P=etn ee olere +p). (92.23) 


Note that (92.22) is independent of the properties of the state (i.e. of the 
distribution n,) over which the averaging is carried out. This property of G®* (and of 
G*) is not in fact dependent on the homogeneity and stationarity of the state of 
the system, which were assumed in the derivation of (92.22): the function 
G(X, X2) is necessarily dependent only on the difference X;— X). 

For an equilibrium system, n, in (92.21)-(92.23) is to be taken as the Fermi or 
Bose distribution function. The G functions are then expressed in terms of T and 
p.; this achieves the change from averaging over a given stationary quantum State 
to averaging over the Gibbs distribution. 
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PROBLEM 


Find Green's functions for a homogeneous Slationary state of a phonon gay in a liquid. 
SOLUTION. Similarly to the definitions (92.4), we have for the phonon ficld 


Dis = (pip). iDis = (64p)), (1) 


where p’ =p" is the operator of the variable part of the density of the medium. Since this operator is 
yelf-conjugate. the functions ({) are related by 


Di = Da. (2) 


aud they of course again have the property (92.9). 
For a gas of non-inleracting phonons (see SP 2 (24,10)). 


apte 9 i( puk "ae" fom ety tke why G) 
uv : 


where po is the unperturbed density and uw the speed of sound, Substituting (3) in (1) and changing from 
summation to inlegration, we have 


ip™ ate r) ~ 2 f eecene'® ukey 


Hho wits kd’k 


+ (EEK Je Qn)” 


or, replacing the variable of integration k by —k in the second term and expressing the mean values in 
terms of the occupation numbers N, of the phonon stales, 


d*k 


ar\t0) 6 me pok wks mk1y oko 
ip” ans [Pi (me +(l+N we“ }e™ Qn) 


The integrand (without the factor e’“") is the Fourier component with respect to the coordinates. 
Fxpansion with respect to time, also, gives 


iD""(w, kK) = 7 mpok{Nid(w — uk) + (1+ N x)8(o + uk}. o 


For the function D®"* we have, according to (2), 
D®"(@, k) = D™*(~w, —k). (5) 
Two further Green's functions are defined by 


iD =(Tpipy), iDis = (Tpipr), (6) 
with 
Dr =Dy, Diy = Diy. (7) 
For non-interacting phonons, a stmilar calculation gives (cf. SP 2. §31. Problem) 
Dw, k) = ~[D™*(w, ky" 
aPok ff . 
ar {|==aezi0 EST | Qari] Nud(@ — uk) + N.s5(w + uk} (8) 


In accordance with (7), D~(w, k) = D®” “(—w, ~k). 
It follows from (8) that in the coordinate representation the function D®' “(t, r) satisfies the equation 


2 
(3 ~ u*A) DO ~(t,r) = pod(AS(H), (9) 


which replaces (92.14) for the Green's functions of ordinary particles. 


§93. The diagram technique for non-equilibrium systems 


The whole of the diagram technique i is based on separating in the Hamiltonian of 
the system the interaction operator: H = Ay+ V. where Hpi is the Hamiltonian for a 
system of non-interacting particles. The diagram technique is a perturbation theory 
with respect to V. 

For a non-equilibrium system, the technique is constructed in the same way as in 
the equilibrium case with T =0.t The Green's function G=G is expressed in 
terms of the W-operators in the interaction representation (i.e. for an ideal gas) by 


iG 7 =(S“"TI%oyF aS), (93.1) 


where 


S = §(~, -x)=T exp(—i V(t) at), (93.2) 


-= 


and Vi(t) is the operator V in the interaction representation. The averaging in (93.1) 
is Over Some state of the system of non-i iteracting particles. It will be convenient 
to assume that this is a stationary homogeneous state but not the ground state; we 
shall see later that the initial state can be eliminated, and the theory formulated so 
that the equations are independent of it. There is a difference here from the case 
T =0, where the averaging is over the ground state. This differerce is very 
important: the averaging is over the ground state. This difference is very important: 
the averaging of the operator S~' cannot be separated from that of the other factors 
as in the derivation of SP 2 (12.14) from (12. 12), because a non-ground State is not 
transformed into itself by the operator $“', but into a superposition of other excited 
states, Which may be intuitively regarded as the result of all possible processes of 
mutual scattering of quasi-particles.t 

The expression (93.1) is to be expanded 1 in powers of V. It is convenient first to 


transform $7! , using the unitarity of S and the fact that the operator V is 
Hermitian: 


Stas = 7 exp (i i V(t) dt); (93.3) 


- 


the symbol T, which denotes anti-chronological ordering, has been defined in § 92. 

Expanding S and S"' in series and substituting in (93.1), we obtain a sum of 
various terms, in each of which an averaging is to be performed by means of 
Wick’s theorem, and a diagram is associated with each way of contracting the 
W-operators in pairs.§ 


The following discussion is essentially based on that in SP 2, §§ [2 and 13. 

+For the same reason, the diagram technique given in SP 2, §§12 and 13, is not in general applicable, 
even when T =O, for the case where alternating external fields are present (i.e. When V depends 
explicitly on the time even in the Schrédinger representation): the alternaling fields excile Ihe givund 
state of the system. It must be emphasized, however, that the technique described here is valid even 
when an alternating field is present. 

§In the macroscopic limit, the validity of Wick’s theorem does not depend on Ihe homogeneous 
stationary state over which the averaging is carried out; see SP 2, § 13, end. 
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First of all, as in the “ordinary” diagram technique with T=0, only the 
connected diagrams (not containing separate vacuum loops) need be considered. 
The vacuum loops cancel out, as is easily seen by examining the first few diagrams, 
which show the general principle involved. 

If all the contractions that yield a connected diagram are made in the factor 
TY,v,"S in (93.1), we obtain terms represented by the ordinary diagrams described 
in SP 2, §13, though of course with a different specific form for the functions 
corresponding to the continuous lines. These are diagrams in the coordinate 
representation; the change to the momentum representation is unsuitable for 
non-equilibrium states (when the G functions depend on the variables X, and X, 
separately). Other terms arise from contractions involving also V-operators from 
§-'= §*. In each order of perturbation theory, they are obtained from the ordinary 
terms on replacing any factor V from S§ by a factor from S*. Such terms are 
represented by diagrams of the same graphical form but with a somewhat different 
rule for reading them. The changes result from three causes: (1) in S* the 
interaction operators appear as +iV, not —iV as in S; (2) all the Y-operators in S* 
are always to the left of the operators in the product TY, V,*S; (3) within the factor 
S*, the operators are ordered as a T (not T) product. 

Let us now consider how these changes affect the construction of the diagram 
technique in the simple case of a system of particles (fermions, say) in an external 
field U(t,r) = U(X). 

The first-order terms in the expansion of the expression (93.1) are 

‘ é 


—_— freee —_—* 
(THt'(—i [ tush, a'xs)) + (Ti [ Vth, atx, TH’). 
The second term in this sum is characteristic of the situation in question; on 
averaging over the ground state, only the first term would have to be considered. In 
the first term, all four Y-operators are in the T product; their contractions in pairs 


according to 
ra aaa | 


TY, Wl-7 Yu) (93.4) 
DS) 


give factors G?~ and GQ. In the second term, the V-operators contracted are 
not inutually ordered by T or T: 
= + 
TU, YQ ITY VS, (93.5) 
ee 


their contractions give factors G?*~ and GY *: +iU; replaces —iU3. 
The graphical elements differ from those occurring in the ordinary diagram 
technique by having additional symbols + or — at the ends of the lines. Broken 


lines with + or — at one end (a vertex of the diagram) denote factors +iU(X) or 
—iU(X): 


----- ie +iU(X), ------ = —iU(X) (93.6) 
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(cf. SP 2, § 19). Continuous lines with + or — at each end are associated with the various 
G functions: 
i+ - I+ 


a 
pee 
—-——— 


toes 
> = 1Gi2 


See (93 
, " 7) 
{+ 2t A Gio i 2 z. = 166 

The numbers at the ends of the lines show the arguments of the functions (the 
variables X,; and X2). 


The two terms (93.4) and (93.5) are then represented by the diagrams 


1- a= I- 2- 


The two outer ends of the continuous lines are marked —, these being corrections 
to the functions G~. Integration is tmplied with respect to the variables cor- 
responding to the vertex of the diagram.t In analytical form, 


GY = =| {iG i G9 -(-iU)) + iG) *iGY*iU;} d*X;. (93.9) 


In the next (second) order of perturbation theory, the correction to the functions 
G is given by four diagrams: 


APA PAL 


(the numerals are omitted). The signs + or — at each vertex of the diagram relate to 
the ends of all three of the lines that meet there. ©¢« 

Similarly, the correction terms in the other G functions are represented by 
diagrams with other signs at the two outer ends of the continuous lines. For 
example, in the first order the function G~* has two diagrams: 


x \ ‘i (93.11) 


- + + 


tMore precisely, integralion over di d°x and summation over a pair of like spin suffixes. The latter will 
be regarded here as included in the integration over d*X. 
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Thus the diagrams in the Keldysh technique are obtained from those in the 
ordinary technique by assigning additional indices + or — in all possible ways to 
their vertices and free ends. This rule remains valid in the diagram technique for 
other types of interaction. 

For a system with a pair interaction between particles, in the ordinary diagram 
technique the interaction potential of two particles is associated with an internal 
broken line. We now assign to the ends of such a line a further pair of like signs + 
or —: 


1+ 2+ = iU(X,— X2) = i6(t, ~ t) U(r, — 12), 
(93.12) 


Ls 2—- =—-—iU(X,-— X2). 


For example, the first-order correction to the functions G ~ for a system with pair 
interaction is represented by a sum of four diagrams: 


pan 2: 0, VY (93.13) 


GIO ‘aie 
«a shy “VN sgl —_— <—_—_ La Pan bw 
zs ee mae i =m a 
instead of the two diagrams SP 2 (13.13) in the ordinary technique. The continuous 
line forming a closed loop is again associated with a factor No(p, T) (the ideal gas 
density) for either sign of the vertex. 

It has already been mentioned that the Keldysh diagram technique is applicable 
also to equilibrium systems with T#0. Let us suppose that there is no external 
field, and change from the coordinate to the momentum representation, expanding 
all G functions as Fourier integrals. Then each line in the diagrams is, as usual, 
assigned a definite 4-momentum, and the functions U(Q) and G®\P) in the 
momentum representation are associated with these lines by the same rules. 

When T = 0, the Fermi distribution function is 


no=1 for p<pr 
=0 for p > Pr- 
Hence, from (92.20) and (92.21), we have for a Fermi system with T =0 
G*(P)=0 for p>pr G-(P)=0 for p<pr 


and all the diagrams for G~ that contain “‘plus”’ vertices are identically zero. Thus 
the Keldysh diagram technique, as applied to equilibrium systems, becomes the 
ordinary diagram technique directly when T = 0, unlike the Matsubara technique. 


§94. Self-energy functions 
Like any “reasonable” diagram technique, the Keldysh technique allows the 


diagrams to be summed in “blocks”. The most important of these are the self- 
energy functions. 
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This concept arises (SP 2, $14) in considering Green’s function diagrams that 
cannot be divided into two parts joined only by one continuous line. We can 
separate the factors iG corresponding to the two end lines of such a diagram and 
express it (in the coordinate representation as a function of the two arguments X, 
and X2) in the form 


| iGR(- idy)iG? d*X; d*X,. 


The function — iy, which stands for the whole of the inner part of the diagram, is 
called a self-energy function. The exact self-energy function, denoted by —ix, is the 
sum of all possible diagrams of this type. In accordance with the fact that in this 
technique each vertex in the diagram has to be given the sign + or —, there are four 
exact self-energy functions, corresponding to the signs of their “exit’’ and ‘“‘entry”’ 
vertices: they are denoted by © , °°, =~ and =". 

The exact G functions are expressed in terms of the exact > functions by 
identities which may be written graphically for G as 


Se et a 
(94.1) 


and similarly for the other functions; the thick lines are exact G functions and the 
ovals © functions (cf. SP 2 (14.4)). In analytical form. 


Gr=GY + (Gh sKGs +GR-3EEGh 
+ Gig *Zas Gar + GI S43 Gs } d*X, d*X, (94.2) 


with three more equations for the other G functions. 
These equations may be compactly written by means of the matrices 


GG =o 0 : 
Ge ie ee) Ss ice =a): (94.3) 


Then the four equations such as (94.2) can be written jointly as one matrix equation 


. 


Gy= G+ | GS ygGyp d*X, d*X, (94.4) 


the factors in the integrand being combined by the rule of matrix multiplication. 
The equations (92.14)}-(92.18) satisfied by the ideal-gas G functions are simtlarly 
written jointly as 


GalG@ = o.5(X,—- X)), (94.5) 


rs 
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wheret 


= (9 -1) 
Ox 0-1) 


Let us now return to (94.4) and apply the operator Go! to each side. Using (94.5), 
we obtain a set of four integro-differential equations written jointly as one matrix 
equation: 

] i 


GalG ip = 0:5(X,— X,) + | GE 3Gy dX). (94.6) 


This equation may be written in an equivalent alternative way, by noting that in the 
diagram form (94.1) the thick lines may just as well be on the left instead of on the 
right. In (94.2), therefore, the factors in each term of the integrand may be written 
in the order Gy=aG. By applying the operator Gol* (see the last footnote to § 92) 
to the resulting equations, we find 


Gal*Gy = 0,5(X.— X,) + | GyEno, dX. (94.7) 


The self-energy functions themselves can be expressed as a series of skeleton 
diagrams whose graphical elements are thick continuous lines corresponding to 
exact G functions. For example, in a system of particles with pair interaction, 


O 
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t wot ! t 4 . 
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and similarly for 2** and =* ; the further terms of the series contain diagrams with 
a larger number of broken lines.£ Thus the equation (94.4) or (94.7) constitutes a 
complete (though very complicated) set of equations for the exact G functions. 
Equations (94.6) do not involve the functions G® which depend on the choice of 
the “zero” state of a system of non-interacting particles. Thus there is no depend- 


+The symbol o;, taken from the standard notation for the Pauli matrices, has of course no reference to 
spin here. 

Cf. SP 2 (14.9), (14.10); all the diagrams of the first or second order listed there are among the 
skeleton diagrams (94.8). 
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ence on that choice.t But the occurrence of differential operators in the equations 
makes their solutions indefinite. This is manifested by the presence of the functions 
G in the integral equations (94.4). 

The set of equations (94.6) has, however, the disadvantage that it does not 
explicitly take account of the linear dependence of the G functions shown by 
(92.7). To avoid this disadvantage we must make a linear transformation of the 
matrix G in such a way that we can use (92.7) to reduce one of its elements to zero. 
This is done by means of the formula 


G’= R™'GR, (94.10) 


where 


reh(t wed! 7) 


It is easily seen that the transformed matrix is 


(0. GA 
a= (oe ah (94.11) 
where 
F=G'*4+G7=G"4+G". (94.12) 


When the matrices G and = are transformed in this way, equation (94.4) remains 
invariant. 
The transformed matrix = is 


B= RTER=(5, 2) (94.13) 
with the notation 
Q=E74+E", TaEcve yt, B= E74 Et (94.14) 
This may be proved by direct calculation, using the equation 
S24), (94.15) 


which follows from (92.7) and is easily derived by equating to zero the expression 
Gal(G~ + G**-~G"* — G*) formed by means of equations (94.6). 


tAn important comment is needed here. When there is no external field, the functions Go depend only 
on the difference Xi— X2, and the functions G given by a series expansion in terms of the Go would 
have this property also. After the elimination of Go, however, we can also consider solutions of (94.6) 
that depend on Xi and X2 separately. 


Now expanding the transformed matrix equation (94.4), we obtain three equa- 
tions. One of them is 


= GOA 4 | omsacs d°X, d'X4. (94.16) 


The corresponding equation for G® gives nothing new, since it is simply the 
Hermitian conjugate of (94.16). That equation, although it contains the function 
G°"* pertaining to an ideal gas, does not depend on the “zero” state. since G“ 
does not do so, as noted in §92. 

Lastly. the third equation derived from (94.4), for the function F, contains terms 
involving the function F™, which does depend on the ‘zero’ state. These, 
however, are reduced to zero by the differential operator Gol, since Goi F = 0. The 
resulting equation is 


Ga Fy= = | {NnGae + > 5 Fa} d* XX}. (94. 17) 


Equations (94.16) and (94.17) constitute a complete description in principle of the 
behaviour of a non-equilibrium system. The second of them is an integro-differen- 
tial equation, and forms a generalization of the Boltzmann equation: here it should 
be remembered that by (92.5) and (92.6) the functions G * and G' , and therefore 
F, are directly related to the particle distribution function in the system. The 
solution of (94.17) is arbitrary to the same extent as that of the transport equation. 
However, (94.16) is a purely integral equation and therefore brings no further 
arbitrariness into the solution. 

There is nevertheless a fundamental feature of equations (94.16) and (94.17) by 
which they differ in general from the ordinary transport equation: they contain not 
one but two time variables, t; and f2. We shall show in §95 how this difference is 
removed in the quasi-classical case. 


§95. The transport equation in the diagram technique 


We shall use a simple example to show how the passage is made from equations 
of the type (94.16), (94.17) to the ordinary quasi-classical transport equation. Let us 
consider a slightly non-ideal Fermi gas at temperatures T ~ ef, assuming the 
quasi-classicality conditions to be satisfied: the time intervals 7 and distances L over 
which all quantities vary significantly satisfy the inequalities 


Té€r > l, Lpr > l; (95.1) 


cf. §40. Although no new result is obtained in this case, of course, the analysis has 
some instructive features that will be useful in more complicated cases. 

The quantized transport equation must determine the one-particle density matrix 
p(t,r1,r2).f To go to the quasi-classical case, it is appropriate to use the mixed 


tAs in §40, we assume that the eleclron distribution is independent of the spin. and omit the spin 
factor 6.,.. from p. 


ee 
coordinate-momentum representation, taking a Fourier expansion with respect to 
€=r)|—r but retaining the coordinate dependence on r = (ri + r-). Here r) = r+ 4é, 
r. = r—4€, so that the Fourier transform is 


mt, p)= fe fpltr 48 8) dé. (95.2) 
The inverse transform is 
p(t. ri a CT (r, +r) p) 2, (95.3) 
3 32 v 5 Bes i 2s> (27) . . 


The integration of n(t,r, p) with respect to the coordinates gives the particle 
momentum distribution function, as is seen from the expression for this integral in 
terms of the original density matrix: 


N, = i n(t,r, p) d'x = «| err ot ry rs) d3x, d3x. (95.4) 


The integration with respect to momenta gives the coordinate distribution, i.e. the 
spatial number density of particles, as we again see from the expression in terms of 
the density matrix: 


N(t, = | ntt r.p) d’p = .Np(t,r, rn). (95.5) 


The function n(t, r, p) itself, in the general quantum case, cannot be regarded as the 
coordinate and momentum distribution function simultaneously: this would con- 
tradict the fundamental principles of quantum mechanics, and in any case the 
function n(t,r, p) defined by (95.2) is in gencral not even positive. 

The function n(t,r,p) does, however, have the literal sense of a distribution 
function in the quasi-classical approximation. To see this, let us consider the 
operator of some physical quantity pertaining to an individual particle and depend- 
ing on r and p: f = f(r,p)=f(r, -i¥).1 By definition of the density matrix, the 
mean value of f is 


f = | [fip(t. ri, 2) e-r=r d’x, 


where f acts on the variable r;. We substitute p in the form (95.3), and use the fact 
that with the conditions (95.1) n Is a more slowly varying function of r, than the 
factor exp(ip.rj). It is therefore sufficient to differentiate only the latter, which 
amounts to the change —iV,; > p. The expression for f then becomes 


~ 


= l d' 
f= | fe. p)a(t,r. p) d>x ony (95.6) 


tWe shall take the particular case where all the operators ¥ are to the righ! of r. In the quasi-classical 
approximation, this is not an importan! poini. 
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which (since f is arbitrary) corresponds exactly to the definition of the classical 
distribution function. 

We will now obtain the equations for the Green’s function G-*(X;, X2) which is, by 
(92.5), most closely related to the density matrix. We use for this function the 
“four-dimensional” mixed representation 


G(X, P) = | e”=G-"(X +48, X -4E) d°E, (95.7) 


7 
m— 


where P = (a, p), X =(t,r), & = ( €), t= Ut 1 tr), bp = t;— to. Then 


n(t,r,p)=—i G*(X, P) dw/27; (95.8) 
w/t 


the integration over dw/27 is equivalent to putting ft; = to. 
After these preliminary definitions, let us derive the transport equation. We take 
the — + component of equations (94.6) and (94.7), and subtract term by term: 


(Galt- GaGid =— | @uGR + ENG +GREH + GFEH) AX, (05.9) 
The operator acting on the function Gj? on the left is 


a A wi) d 1 
Ix i = = 
Go 7 Go = (so + “| 7 (A, A\2) 


~ 


We now take Fourier components (95.7) on each side of (95.9) and put ft, = f2 (or, 
equivalently, integrate over dw/27). Using (95.8), we find that the left-hand side of 
(95.9) becomes 


dn, p an 
at mar’ 
which is the required form of the left-hand side of the transport equation for the 
distribution function n(t,r, p). The right-hand side of (95.9), after Fourier trans- 
formation, must therefore give the collision integral C(n). 
The change to Fourier components on the right-hand side must take account of 
the quasi-classicality conditions. The integral in (95.9) is a sum of terms of the form 


| 3(X,, X3)G(Xs, Xs) d*Xs. 


We express the factors = and G as functions of the differences and averages of the 
“*4-coordinates’’: 


| LX, — X53, 3X) + X3)) GX3— Xp, 3X3 + X2)) dX. 
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In the change to Fourier components with respect to the first arguments, the 
important ranges are |r,;—r3|, [r3—r{~ 1/p for the coordinate differences, and 
|t;— ts, [ts t| ~ 1/e for the time differences. According to the conditions (95.1), = 
and G as functions of their second arguments vary only slightly in these ranges. 
We can therefore approximately replace those arguments by X = {(X, + X)): 


Xx: % a) rv 
[ 200 - Xs, X)G(Xs— Xs, X) dX, 


and can then take the Fourier representation for a given value of X. The right-hand 
side of (95.9) then becomes 


C(n)=—- | {2*(G + G™*)4+(27 +2°)G"} dala 


Z | {EG + E°G"} del2a, (95.10) 


where all the functions in the integrand have the same arguments (X, P)= 
(t,r; @, p); in the second expression, we have used the relations (92.7) and (94.15). 

Let us apply formula (95.10) to the model of an almost ideal Fermi gas discussed 
previously (SP 2, 886 and 21). As there, we shall arbitrarily suppose that the 
potential U(r,~—r2) of the interaction between particles satisfies the condition for 
perturbation theory to be applicable; in the change to the real interaction (which 
does not satisfy this condition) it is sufficient to express the result in terms of the 
scattering amplitude. 

Having in view the determination of the collision integral in the first non- 
vanishing approximation of perturbation theory with regard to the particle inter- 
action, we may suppose that the exact G functions in (95.10) are related to the 
distribution function n by the same formulae (92.20), (92.21) as in an ideal gas; this 
implies the neglect of small corrections, due to the interaction, in the gas particle 
energy € = p’/2m.t+ The expressions (92.20) and (92.21) relate, strictly speaking, to 
the homogeneous steady state of the gas, but, in the quasi-classical case, because of the 
slow variation of n with coordinates and time, we can use the same expressions with n, 
regarded asa function n(t, r, p), with tandr as parameters. The integration withrespect 
to w removes the delta functions, leaving 


C(n) = i2*(e ~ pp; t, LL — n(t, r, p)] 
+id*(€- p, pit, r)n(t,r, p). (95.11) 
It is clear from the form of this expression that the first term describes the ‘‘gain” 


of particles, possible only when 1— n# 0; the second describes the “loss”, which is 
proportional to n. It remains to calculate the self-energy functions =~* and =* 


tThis approximation enables us to neglect the remaining components of (94.6), ie. to regard them as 
satisfied identically in the relevant approximation. 
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The first non-vanhshing contribution to these comes from the second-order 
diagrams (cf. (94.9)); for example, 


. 
< > P 
_ + = + 
| | | | 
i P | R | 
ce + | | 
| | (95.12) 
| | | | 
Pe bake eS Oc i 
A P; 
{a} (b} 


where P; = P + P,— P’. When U is replaced by Up (see below), the contributions 
to X from these two diagrams are related by 2, = — 22, (the minus sign comes from 
the closed loop in diagram (a), and the factor 2 from the spin summation in that loop; 
compare the analogous calculations in SP 2, §21). Expanding diagram (b) in 
analytical form, we find 


is (P)= | GGG *(P)U%.- p) d'P, dP Any. 


In a degenerate gas, the particle wavelength (~1/p) is necessarily large in com- 
parison with the range of the interaction forces. because of the condition for the 
gas to be rarefied (see SP 2, §6); this enables us to replace U(p;— p’) by its value 
for pi— p' = 0: 


Uo= | U(r) d’x. 


Substituting the expressions (92.20) and (92.21) for G™* and G*~, and eliminating 
the two delta functions by integration with respect to the ‘‘time’’ components of the 
4-vectors P; and P’, we see that the first term in (95.11) in fact coineides with the 
“gain” term in the collision integral (74.5) (w = 27U,’). The calculation of =*~ is 
similar, and the second term in (95.11) coincides with the “loss” term in the same 
collision integral. 


CHAPTER XI 


SUPERCONDUCTORS 


896. High-frequency properties of superconductors. General formula 


FORMULAF have been derived in SP 2, §51, which relate the current in a 
superconductor to the vector potential of the electromagnetic field there. Here, 
these formulae will be generalized to case of a field varying in time. As in SP 2, 
the investigation will be based on the BCS model, the electrons in a metal being 
regarded as an isotropic gas with a weak attraction between the particles.t 

As always in metals (and the more so in superconductors), the displacement 
current may be neglected in Maxwell’s equations: 


curl H = 47j/c. (96.1) 
Hence, in this approximation, 
div j=0. (96.2) 


To describe the field, we choose the gauge in which the scalar potenti:.1 9 = 0. The 
linear relation between the Fourier components (with respect to time and coor- 
dinates) of the current density and the vector potential of the field is written 


j.(w, k) = — Qe, k)(8ag — Kakglk’)Ag(, k), (96.3) 


which satisfies identically the equation (96.2), i.e. the condition k . j(w, k) = 0. The 
longitudinal part (parallel to k) of the vector A does not appear in (96.3), nor 
therefore in the equations at all, so that it can be taken as Zero, with the assumption 
that k. A(w, k)= 0. With this choice of A, the relation between the current and the 
field reduces to 


j(@, k) = — Q(, k)A(@, k). (96.4) 


Our object is to calculate the function Q(w,k). This is a generalized suscep- 
tibility, and to solve the problem we use the method described in §91. We formally 
include in the Hamiltonian of the superconductor a “vector potential” that depends 
on the Matsubara variable 7 (and on the coordinates): 


A(z, r) = A(E,, Ke 5), £, = as T. (96.5) 
tThe results in §§96 and 97 are due to J. Bardeen and D. C. Mattts (1958) and to A. A. Abrikosov, L 


P. Gor’kov and I. M. Khalatnikov (1958). 
In this section we put h = 1. 
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Using Gor’kov’s equations, we calculate the correction linear in A to the Matsubara 
Green’s function: 


G41, ri: T2, 82) = GT — 72, 11-12) + G(T, B15 725 12)5 (96.6) 


because of the “homogeneity in 7” and the spatial homogeneity of the unperturbed 
superconductor, 9 depends only on the differences of its arguments. The current 
density j(7.r) is expressed in terms of the Green’s function by 


. 2 
« f i , N 
7) = - 2 (VOM 7 Ne-neero ACT, (96.7) 


where N is the number density of particles.f With the field (96.5), this relation has 
in practice the form 


i(7, r) = ~ Qu és, KMAG, r). (96.8) 


The coefficient Qy is the Matsubara susceptibility, and by (91.18) 


Q(ilés|, k) = Qu (Z;, k). (96.9) 


To determine the required function Q(w,k), it is necessary to make an analytical 
continuation from the points w = i|f,| to the whole of the upper half-plane. 

The calculation of Qy is similar to the calculations in SP 2, §51. In the potential 
gauge with div A= 0, there is no correction to the gap A in the energy spectrum, 
and the linearized Gor’kov equations for the Green’s functions G and ¥ are 


d A (i), , F(1), fous 
i es — + ‘ f OT! = 
| ag Om »|s (7,637.0 )+t AX (7,463 7',4r’) 
= olla r) VG — 7 r-r) 
mc ’ * ? > 
(96.10) 
od. A Gt) ea aie. (i) Pat Pape | 
[orp + nls (7,93 7', 0) -AG(a,r37', 4’) 


_ te | a 
rie Mt) VF (7—-7',r—r). 


With a field of the form (96.5), we can at once separate the dependence of gu 
and ¥" on the sums 7+ 7’ and r+r’, putting 


GO = g(7—-7',r—r’) exphik, (r+ r)— 2if,(7 + 7')) (96.11) 


+Cf. SP 2 (51.17). In making comparisons with the formulae in SP 2, §51, it must be remembered that 
e is NOW a positive quantity, the unit charge 
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and similarly for ¥"’ with f in place of g. After this change, the first equation 
(96.10), for example, becomes 
(24 Low yny 
aq zits aoe (V +k)’ + p |g + Af 
= ~—% ACE, k) expliik (rr) — 2i6(7 — 7). V9. 


We now expand all quantities in Fourier series with respect to 7 — 7’ and Fourier 
integrals with respect to r—r’: 


gin=T DY | eles, p)explip-r-itir] delay (96.12) 


and so on. We then obtain for the Fourier components a pair of algebraic 
equations: 


[igs +8) sh (eH? + o Jace, p+ AFG, 


e 


i mc p- ACE, K)G%Cs a res p— +k), 


, (96.13) 
[ — ieee + 8) socw + He)? + [PC B)~ AFC w) 


a --*. p- AEs, K) FCs ~ 2. p ~ 3K). 


The “unperturbed” Green’s functions @® and ¥® are expanded in Fourier series 
with “‘odd frequencies” (2s'+l)zT. It therefore follows from (96.13) that the 
“frequencies”’ £% take the values 


C5 = (2s'+1—s)aT. 


The functions @ and ¥ are (see SP 2 (42.7), (42.8)) 


GE, P) = ~ (its + nMES + €’), 


é (96.14) 
FCs, p) = ANE + €’), 


where 


2 
p 
=5 ~~ vel(p—pr), € =A +7’; (96.15) 


the constant A is assumed real. By using these formulae, we can easily put the 
solution of equations (96.13) in the form 


e(ty, p) = = P- Af. PSP) GOUP_) + FP) FOP}, (96.16) 
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where 


P.= (C5456, p £45k). (96.17) 


With (96.7), (96.11) and (96.12). we obtain for the current density 


ented = ~722 > [ peer, py AP -XE aceasta, 


fe, mc 


x being given by (96.16). As the vectors j and A are transverse to k, we average in 
the integrand over the directions of the vector p, in the plane perpendicular to k. 
The functions 6 and ¥ in (96.16) do not depend on the direction of p,: 
averaging of the factor p,(p_.A) converts it to Ap’ sin?}0, where @ is the angle 
between p and k. We thus have the following final expression for the Matsubara 
susceptibility: 

Out) = NE y p’ sin’ 6 x 


ieee ea 


x [GP GP) + FOP )JFOPL_)) Bpl(2zy. (96.18) 


Let us now make the analytical continuation of this function from the discrete 
series of points £,=2sa7J to the whole of the right-hand half of the complex 
f-plane, i.e. to the upper half of the w-plane (w = if). This amounts to the analytical 
continuation of the integrand in (96.18): let us consider its first term, for 
example: 


In(E)= T Qe Gullo + 2b) G (Ce 2s) 


T > G.((2s'+ l)aT)S ((2s' + I aT — &). (96.19) 


For brevity, we omit the index (0), and replace the arguments p. = p 3k by suffixes 
+. This expression may be written as the integral 


Ju (Cs) = if G,(z)G(z — €,) tan(z/2T) dz, (96.20) 


taken along the three closed contours C;, C, and C; in Fig. 32, which together 
enclose the infinite set of poles of the factor tan(z/2T) at the points z = (2s'+ DaT 
(marked by strokes in the diagram). The residues of the integrand at each pole give 
corresponding terms in the sum (96.19); at infinity, G(z) « 1/z, and the integral 
therefore converges. In choosing the contours, we have used the fact that G(z) is 
analytic in each of the two half-planes: 


G¥(iz), rez>0; 
Gz) = , 
H(z) oy rez <0, 
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Fic. 32. 


where G*® and G®% are analytic functions, the retarded and advanced Green’s 
functions (see SP 2. § 37); the imaginary z-axis is in general a cut for the function 
Gz). 

We now rotate the contours so as to pass vertically on either side of the cuts 
re z= 0 and rez = &, (Fig. 33; the infinitely distant parts which close the contours 


Fic. 33. 


are not shown). On the pair of lines C,, C2 we change the variable of integration by 
putting z = iw’, and on C2, C3 we put z — ¢, = iw’. Then, when &, > 0, 


iw’ 


Iu(¢s) = -2{- {tan aT [Gk(w)—- G4(o')]G4(o' — it.) 


iw’ + & 


+ tan S28 (Go!) GAwIGHo' + it} ie (96.21) 


In the derivation of this equation, ¢, has been fixed as 27sT. For such values, 


, f 


ete £3 
— BS gp tO es 


2T 2T ZE 


tan 


The fact that the expression (96.21) is analytic for all £, > O is then evident from the 
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fact that G“ and G*® are analytic in the corresponding half-planes. Now putting 
it, = w, we have for the analytically continued functiont 


J(w) =Ju(— iw) 
i i ' 
=F i tanh Wi {[G8(w') — G4(w)]G4(o' — @) 
+ [G8 (w') — G4(w@)JGR(w' + w)} do’. (96.22) 
The second term in the integrand in (96.18) is analytically continued in a similar 


way, and the result differs from (96.22) only in that G® and G% are replaced by F*® 
and F*4.4 These functions are (see SP 2, § 41) 


2 2 
iB ___ vy 
GO, P) 40 whe til’ 
(96.23) 
in -2/ ] = 1 | 
F'"(@.P)= a0 lopeti0 woe+io}’ 


where 
2 


| =3(1 * ale). 


The functions G* and F** are the same with the sign of i0 changed. Hence 


G® — G4 =2im G* = — w[u,’8(w — €) + v, 5(w + €)], 


Ft® — F*4 = (rA)2€)[8(@ — €) — (wm + €)], 


and the iniegration in (96.22) amounts to the removal of the delta functions. 
After some simple but laborious algebra we arrive at the final expression§ 


Z 2 
Q(w, k) = Re p’ sin’ 6 tanh =: x 


nic 2T 
2 
meat 2) —__1 __ ——| 
{[r+ €+€- Be 0 ene oe 
| 1 =a) d’p 
+{t €,€_ Cel mie. ech ey 10 Qn)” (96.24) 


+This method of analytical continuation is due to G.M. Eliashberg (1962). 7 

+The definition of the Green’s function F” (corresponding to the temperature function #) is given in SP 
2, §41. The definitions of F** and F*“ differ from that of F* in that the T product is replaced by the 
commutator, the relationship being similar to that between G*®, G’ and G. 

§Mention has been made (SP 2, §51) of the need for caution in calculating sums and integrals of the 
form (96.18), because of the slowness of decrease of the integrand. With the order of operations used 
here, this difficulty is avoided, as is confirmed by the fact that the final expression (96.24) satisfies the 
necessary condition: Q=0 when A=0 and w =O {a normal metal in a static field); see ihe second 
footnote to §97. 
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where 


ne= se (Pty, = A+ yi. (96.25) 


The two terms in the braces in (96.24) are quite different in origin and 
significance. The first is an odd function of p, and the integral of it is therefore zero 
for T=0, when tanh(e,/2T)=1. This part of Q is related to the collisionless 
dynamics of elementary excitations. Its imaginary part, which exists for all w and 
k, is related to the collisionless Landau damping. 

The integral of the second term is not zero even when T =0. This part of Q is 
related to the formation or break-up of Cooper pairs. The poles of the integrand in 
this part are at €,+¢€- = +o. For them to exist (and so for there to be dissipation 
because Q has an imaginary part), the frequency must exceed 2A, the Cooper pair 
binding energy. 


§97. High-frequency properties of superconductors. Limiting cases 


Let us now eXamine the general formula (96.24). The number of limiting cases 
here is very large on account of the presence of four independent parameters hw, 
fikvg, A and T, which can be in various relationships to one another. Several of 
these limiting cases will be considered. 

When fiw > A, the gap in the superconductor spectrum is unimportant. Putting 
A=0 in the first approximation, we should obtain the formula for the transverse 
permittivity of a normal electron Fermi gas; we shall not pause to give the relevant 
calculations.t 


LONDON CASE 
Let us take the London limiting case, in which 
hkvp <A, (97.1) 


where Ay is the value of A(T) when T=0. We shall assume that A<T, thus 
excluding the range of very low temperatures. The frequency will be regarded as 
small, in the sense that w < kor. 
As k->0, 
ee a k? 
€+€- ° 
The second term in the braces in (96.24) is therefore small, and may be neglected. 
In the first term, the first square bracket is equal to 2; since the second square 
+The relation between Q(w,k) and the transverse permittivity ¢(w,k) is ascertained as follows. 
Expressing the current density in terms of the polarization vector by — iwP = j, and the vector potential 


A in terms of the clectric field by E= iwA/c, we can rewrite (96.4) as P= ~ cw~’QE. This shows that 


— cQlw? = (6, — 1)/4-7. 
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bracket is an odd function of p, we can then write 


Q(«a, k) = Ne _ 56 [tanh 5a tanh al ee i hy 
We have tanh (e/2T) = 1— 2no(e), where 

no = fe’? +17! (97.2) 
is the distribution function of elementary excitations in a superconducting Fermi 


gas (a Fermi distribution with zero chemical potential), and thus put 


tanh aT ~ tanh <= aT = 2 [no(e.})— no(E-)] 


= —2hk.v dnolde, 
where 
v = de/ap = np/me. 
Then 


Ne’ | e fang k.vp’sin@ d'p 


mo mc) de k.v—o —10 Gah)” (97.3) 


When w = 0, this expression agrees, as it should, with the London value N,e?/mc, 
where N,(T) is the density of superconducting electrons.t| We can therefore 
rewrite (97.3) in the equivalent form 


we’ fang psi’ 6 _d’p 
de k.V—w—i0(27h)* 


2 
Qo, k) = RE (97.4) 


The second term in this expression represents the contribution to the permittivity 
from the elementary excitations in the Fermi gas.t 


When w <kv, we may neglect w in the denominator of the integrand in (97.4): 


sin? 6d cos @ f{ ang p* 
Q(w, k) = ‘Age al cos 6 —i0 de mp 


dp. (97.5) 


tThis is easily shown by means of the formulae given in SP 2, § 40, for the calculation of p,; = mNs. 
The function Q{0.k) tends to zero (as does N;) when T-> T,, as already mentioned in the last footnote 
to § 96. 

This may be seen by comparing (97.4) with formula (2) in §31, Problem 2, for the transverse 
permittivity of a collisionless electron plasma. In making the comparison, it must be noted that the 
London case corresponds to the quasi-classical limit, so that the formula for a degenerate gas differs 
from that for a Maxwellian plasma only in the form of the distribution function and the dispersion 
relation e(p). 
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The integral with respect to cos @ is calculated from the residue at the pole 
cos 6 = i0, and is equal to iz. The integral with respect to p, written as 


ano p’€ g 
de 7 


diverges logarithmically when |n{<A. With a cut-off at [y|~ @A/kvp (where kv ~ 
w), we find with logarithmic accuracy 


A 
| prA a) | dn 
de e=4\ wAfkup T] 


Thus 
_ Nye? j e’prAw log(kvflw) 
Qo k) =e | aa Tk(e Tt + le 4 D (97.6) 


The imaginary part of Q determines the dissipation; a negative sign of this part 
corresponds to a positive imaginary part of the permittivity. 

The expression (97.6) becomes invalid when T— T, and N, and A tend to zero. 
The principal contribution to the integral with respect to p in (97.5) here comes 
from the range 7 ~ T > A, and in it we may put A=0. The result is 


Ne? w 


Qa, k)=— 1. 7 mc kup’ 


where N = pf/377h? is the electron density. This expression simply represents the 
anomalous skin effect in a normal metal, with the dispersion relation € = p?/2m.1 


PIPPARD CASE 
In a static magnetic field, the Pippard limiting case corresponds to the inequality 
hkog > Ao ad I. (97.7) 
To consider an alternating electromagnetic field, we add the further condition 
kup > W. (97.8) 
The calculations in this case are considerably simplified by first subtracting from 
Q(w, k) (96.24) its static value Q(0,k); this is equivalent to omitting the constant 
term Ne?/mc and subtracting from each term (€,+¢€~+ hw)! in the integrand a 
similar term with w = 0. The difference Q(w, k) — Q(O, k) is found to be proportional 
to 1/k. The Pippard-case Q(0, k) has a similar dependence on k: 


_ cp ~4aNe 377 


+See (86.16). In making the comparison, it is important that K in this case is independent of gy, and 
that Q relates j to A, not to E as o does in (86.16). 


422 Superconductors 


see SP 2 (51.21). We can therefore write Q(w, k) in the form 
c 
Q(o, k) = 7 [B+ yo), (97.10) 


where y(w) is a function that may be calculated and is zero when w = 0. Because of 
this dependence on k, the formula SP 2 (52.6) for the penetration depth 6 remains 
valid, if we replace B by B + y(w). However, since y(w) is complex (see below), it 
is natural to use here not 6 itself but the related surface impedance {(w) = — iw6/c. 

In the integral which gives the difference Q(w, k)— Q(0,k), the important range 
is that of small values of cos 6, as in the calculation of Q(0, k) in SP 2, $51, and the 
integral Converges rapidly as cos 6 increases; we can therefore put sin 6 = 1, and 
extend the integration with respect to cos 6 from ~—@ to ~. 

The integral is transformed by means of 


dp =2ap? dp d cos 6 ~2aprm dnd cos 0 
(n= p’/2m —p), and new variables of integration are used: 


x,=e€+/A, x2=e_/A. 
We have 


Het H-=2n, N+— n= hko- cos 0. 


The integration over dnd cos 6 can therefore be replaced by one over dy,dy [kur 
from —© to © for each of the variables y+ and 7-. All terms in the integrand which 
contain the product y+n- and are therefore odd functions of these variables then 
give zero on integration. We can then change to integration from 1 to » with 
respect to each of the variables x; and x2, putting 


€+€_ 
hkvpnsn- 


4A?x x2 dx,dx2 
hikog[(xi— 1)(x3- 1)y'"”" 


dyd cos 86> 4 de,de_ 


These transformations lead to the result 


_ Ne? A 
y(w) = 37 melee 


te || ene or 
x {Gxt 1) ees Serre. P| 


X;~-X2-@-10 x,;-x2+a+i10 X;— X2 


+ (x|X2— D ESS ETE Scee Ea Z ]}: 


X,+x2- @—-10 Xi+Xt+@tiO x, +X 


(97.11) 
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where @ = fiw/A. We shall consider only the imaginary part of this expression. 
which determines the absorption of energy from the field. 

The imaginary part of the integrands in (97.11) is separated by means of the rule 
(29.8), and the delta functions are then eliminated by integrating with respect to one 
variable x, Or Xz; it is necessary here to verify that the point at which the argument 
of the delta function is zero does in fact lie in the range of integration. A simple 
calculation gives, when w > 0, 


oie _ x(x +@)+1 (x ta)A_. sn] 
J’=imJ=7 @=1 ot oo [tanh SE tanh > dx 


o-1 - 
+7 i} ETE aT tanh x dx; (97.12) 
the second term occurs only when @ > 2. Similarly, we can easily show that 
J"(—@)=J"(@). The integral (97.12) depends on two parameters A/T and hw/A, 
which may bear various relations to each other and to unity. Let us consider some 
of the possible limiting cases. 

Let T =0. Then the first integral in (97.12) is zero; the second is non-zero when 
w > 2A; that is, there is an absorption threshold at the binding energy of the 
Cooper pairs. The presence of this threshold, which is a direct result of the gap in 
the spectrum, is a specific property of a superconductor. 

Near the threshold, when @ —2<1, x is close to unity throughout the range of 
integration. Putting @ —2= 6, x — 1 = 26, we find 


Collecting the above formulae, we have the following expression for the imaginary 
part of Q at T =0 near the absorption threshold: 

gia seNe ee Ge- 1) (97.13) 

4inc hopk \2Ao : 

If the temperature is not zero, let us consider the case of low frequencies hw <A, 

and assume that A(T) ~ T (thus excluding both temperatures near zero and those 

near T,). The second integral in (97.12) is then absent. In the first integral, the 

important range is x -1~@<1. Expanding the difference of two tanh in the 

integrand in powers of @ and using the variable x — 1 = u, we find with logarithmic 

accuracy 


jt Tho ne :. de sani pe pea ae 
2T 1T |, Viuuto 26° 2T Pha 


es AVENE Ey : Ae oe A 
Q Sepak T cosh aT log ho (97.14) 
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§98. Thermal conductivity of superconductors 


The physical nature of electronic thermal conduction in superconductors is 
similar to that of thermal conduction or viscosity in Bose superfluids. In both cases 
we are concerned with the transport coefficients of the normal component of a 
quantum liquid, which forms a set of elementary excitations therein. Here we shall 
consider this topic also in the BCS model (B. T. Geilikman 1958). 

We start from the transport equation for the distribution function of quasi- 
particles in a superconductor where there is a temperature gradient: 


v-—-—: —=C(n), (98.1) 
p 


where v = de/dp is the quasi-particle velocity. The energy of a quasi-particle is 
€=[vp — pry + A(T)}"”, (98.2) 


and itself depends on the temperature through the energy gap A(T). Hence, when a 
temperature gradient is present, the energy € also becomes a function of the 
coordinates, and — de/dr represents the force acting on a quasi-particle. This is the 
source of the second term on the left of (98.1). 

As usual, we put n = n,o(€)+ dn(r, p), where 


no(e) = (e7? +1)! (98.3) 
is the equilibrium distribution function. Retaining only the terms in no on the left, 
we have as the equation for no 


= Fo Se Sho — | Ste Sho 
oT de dT 


lv.vr, 


The difference of terms containing the derivative of A is zero in the square 
brackets, leaving 


Be een 
T de ~ T’ (e% +1)(e%* +1) 


The collision integral depends on the quasi-particle scattering mechanism. We 
shall consider the case where the principal mechanism is elastic scattering by 
impurity atoms at rest, and assume this scattering to be isotropic. Then the collisiort 
integral reduces (cf. (11.3)) to 


C(n) = — vén, 


where v = vUNimpor is the effective collision frequency, Nimnp the number density of 
impurity atoms, and o, the transport cross-section for the scattering of a quasi- 
particle by an impurity atom. The latter quantity is a constant, of the order of 
atomic dimensions. 
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The transport equation thus becomes 


v.VPFeé Ng _ 6n 


vo Toe 1’ Oe) 
where | = 1/Nimpor is the constant mean free path. 
The heat flux is calculated as the integral 
q= [ even . 2d’ pl(2ah)’, (98.5) 


the factor 2 coming from the two directions of the quasi-particle spin. The 
distribution function n = ng+ 6n is also related to the normal electric current in the 
superconductor, with density 


te et 2 2d°p s _ 
he baie = [pando e(N — N,)vs; 


in the model under consideration, j = ~— ei/m, with i given by (77.7). 

The thermal conductivity is defined in terms of the heat flux with j = 0. In the 
present case, however, this condition does not call for any change in equation 
(98.4). The reason is that the total current density in the superconductor is 
j=j. +i,, the sum of the normal and superconducting currents. The current j, that 
occurs in the presence of a temperature gradient is automatically balanced (in an 
open circuit) by the superconducting current j, = —j,- An important point here is 
that the movement of superconducting electrons does not involve any transfer of 
heat. The equilibrium distribution function of quasi-particles against the “-back- 
ground” of the superfluid flow with velocity v, = —j,/eN, differs from (98.3) in that 
€ is replaced by € +p.v, (cf. $77); this change would also have to be made in the 
transport equation (98.1). The velocity y, is proportional to j,, and therefore to the 
small gradient VT; hence the above change would give rise only to second-order 
small terms on the left of the transport equation, and these would in any case have 
to be omitted in arriving at (98.4). 

Substituting 6n from (98.4) in (98.5), we find, after averaging over the directions 
of p, the thermal conductivity 


* ap |v 2 ON 2.47zp* dp dp 
ay ae (Qahy 


or, with v dp = de, p?= DF» 
= Bee 7) [ex (98.6) 
Finally, after some obvious substitutions, 


2Ipr A’ | ear er u? du 
(e ud, 


“3 eT? CTs Ne Fy Cee 
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When T -0, A> Ag, the conductivity tends to zero: 


2ipPX _ 
ae eT ot 


When T-—> T., A 0, it is seen from (98.6) to tend to the limit 


_4Alp2T [* _ pe T 
KB atAT Jy CME) de = “ogy 


corresponding to the case of a normal metal. 


(98.8) 


CHAPTER XII 


KINETICS OF PHASE TRANSITIONS 


§99. Kinetics of first-order phase transitions. Nucleation 


THE basic ideas of the thermodynamic theory of nucleus formation in a phase 
transition are as follows (SP 1, § 162). 

The change from a metastable to a stable phase occurs as the result of fluctuations 
ina homogeneous medium, which form small quantities of a new phase, or nuclei. The 
energetically unfavourable process of creation of an interface, however, has the 
result that when the nucleus is below a certain size it is unstable and disappears 
again. Only nuclei whose size a ts above a definite value a,, (for a given state of the 
metastable phase) are stable; this is called the critical size, and nuclei of this size 
will be called critical nuclei.t They are assumed to be macroscopic objects 
containing large numbers of molecules. The entire theory is therefore valid only for 
metastable states that are not too close to the limit of absolute instability of the 
phase; as this limit is approached, the critical size decreases to a value of the order 
of molecular dimensions. 

With a purely thermodynamic approach, one can put only the problem of 
calculating the probability of occurrence in a medium of fluctuational nuclei of 
various sizes, the medium being regarded as in equilibrium. This is a point of 
fundamental importance. Since the state of the metastable phase does not actually 
correspond to complete statistical equilibrium, this treatment applies only to times 
much less than the critical nucleus formation time (reciprocal probability per unit 
time), after which the change to the new phase occurs in practice, and the 
metastable state ceases to exist. For the same reason, the thermodynamic cal- 
culation of the formation probability is feasible only for nuclei with size a < aq; 
larger nuclei develop into the new phase. That is, such large fluctuations are not 
among the group of microscopic states which correspond to the (metastable) 
macroscopic state under consideration. 

Instead of the thermodynamic probability of nucleation, we shall refer to a 
quantity proportional to this, the “‘equilibrium’’ (in the sense mentioned) dis- 
tribution function for nuclei of various sizes existing in the medium, denoted by 
fo(a); fo da is the number of nuclei per unit volume of the medium with sizes in the 
range da. According to the thermodynamic theory of fluctuations, 


fo(a) * exp{—Rmin(a)/T}, (99.1) 


tIn SP 1, § 162, only nuclei of the new phase which have just this critical size were considered. 
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where Ry», is the minimum work needed to form a nucleus of a given size. This is 
made up of volume and surface parts, and for a spherical nucleus with radius a it 1s 


Sza°a 


Ruin = < 3d 


+4ra’*a, 


where a is the surface tension coefficient and the critical radius a,, is expressed in 
terms of the thermodynamic quantities for the two phases; see SP 1, $162, 
Problem 2. The value a = a,, corresponds to the maximum of R,,,,(a), and near it 


Rimin = 37002, —4 70a — A,)*. (99.2) 


The maximum of Rm, corresponds to an exponentially sharp minimum of the 
distribution function. Neglecting the much slower variation with a of the coefficient 
of the exponential, we have 


fola) = foldce) exp{4aza(a— ae)|T}, (99.3) 


wheret 
fo(a.,) = constant x exp{-47aa2,/3T}. 


From the above discussion, the value a = a,, corresponds to the limit beyond 
which large quantities of the new phase begin to be formed. More precisely, we 
should refer not to a limit point a = a,, but to a critical range of values of a near 
that point, with width Sa ~ (T/4za)'”. The fluctuational development of nuclei in 
this size range can still, with appreciable probability, throw them back into the 
subcritical range, but nuclei beyond the critical range will inevitably develop into a 
new phase. 

Since the thermodynamic theory is limited to the stage before the actual phase 
transition, it cannot provide information about the course of this process, for 
instance the rate of the process. That would require a kinetic analysis of the 
development of the nuclei, which ultimately merge into the new phase.t 

Let f(t, a) be the required “‘kinetic” size distribution function of the nuclei. The 
“‘elementary process” which changes the size of a nucleus is the attachment to it, 
or the loss by it, of one molecule, and this is to be regarded as a small change, since 
in the present theory the nuclei are macroscopic objects. We may therefore 
describe the growth of the nuclei by a Fokker—Planck equation: 


dflat = — as/da, (99.4) 


+The coefficient of the exponential in fo(acr) cannot be expressed in lerms of just the macroscopic 
properiies of the phases. For a qualitative estimate, we may suppose that this factor is proportional to 
the particle number density N, in the main phase (1) and to the derivative d ¥/da, where N is the number 
of particles in a nucleus of the new phase (2). Putting Ni~ I/v1, N~ad/v,, where v; and v2 are the 
volumes per molecule in the two phases, we obtain as an estimate of the constant aa/vrv2. 

The theory given below is due to Ya. B. Zel’dovich (1942). 
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where s is the flux in “‘size space”’: 
s = —B dflaa + Af. (99.5) 


The quantity B is a “nuclear size diffusion coefficient”; A is connected with B by a 
relationship which follows from the fact that s is zero for the equilibrium dis- 
tribution. With the latter in the form (99.1), and neglecting the slow variation of the 
coefficient of the exponential, we find 


A= — BR, (a)/T. (99.6) 


Let us now find the stationary solution corresponding to a continuous phase- 
transition process. Then s = constant, and this constant flux (in the direction of 
increasing siZe) is just the number of nuclei passing through the critical range per 
unit time and unit volume of the medium, i.e. it defines the rate of the process. 

We can rewrite the expression (99.5) for the flux by expressing it, using (99.6), in 
terms of the ratio f/fo instead of f itself. Then the condition of constant flux 
becomes 


— Bfo* (fa) = s. (99.7) 
Hence 
flfo=—s ar, + constant. 


The constant here, and s, are found from the boundary conditions for small and 
large a. The fluctuation probability increases rapidly with decreasing size, and small 
nuclei therefore have a high probability of occurrence. The stock of such nuclei 
may be regarded as made up so quickly that their number continues to have its 
equilibrium value, despite the constant depletion by the flux s. This is expressed by 
the boundary condition f/f) > 1 as a > 0. The boundary condition for large a can 
be established by noting that above the critical range the function fo defined by 
(90.1) (which is actually not valid there) increases without limit, whereas the true 
distribution function f(a) of course remains finite. This situation is expressed by 
the condition f/fp=0, imposed somewhere above the critical range; precisely 
where, is of no importance (see below), and we shall arbitrarily apply it as a — ©. 
The solution which satisfies both the above conditions is 


fifo=s [ ° dal Bho, (99.8) 


and s is determined by 


l/s = [ ” dalBfo. (99.9) 


+ Similar arguments have been used in solving a different problem (§ 24). 
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The integrand has a sharp maximum at a = a,,. Using the expression (99.3) near 
that point, we can extend the integration with respect to a — a., in (99.9) from — to 
~, regardless of precisely where (outside the critical range) the upper limit in (99.8) 
and (99.9) is taken, i.e. precisely where the boundary condition is imposed. The 
result is 


s= 2V (alT )B (dcx) fol Gcr)- (99. 10) 


This is the number of “viable’’ nuclei (i.e. those that have passed through the 
critical range) formed in stationary conditions per unit time and per unit volume of 
the metastable phase, expressed in terms of the equilibrium number of critical 
nuclei given by the thermodynamic theory. 

For the distribution function f(a) itself, formula (99.8) in the subcritical range 
gives simply f(a) ~ fo(a). Above the critical range, (99.8) tells us only that f <fo, in 
accordance with the boundary condition stated. It is evident from the physical 
picture of the process that in this range the distribution function is constant: having 
reached that point, the nucleus becomes steadily larger, with practically no change 
in the reverse direction. Accordingly, we can here neglect the term containing the 
derivative df/da in the flux (99.5), writing s = Af. From the significance of the flux 
s, the coefficient A acts as a velocity in size space, da/dt. The growth of a nucleus 
beyond the critical range, however, takes place in accordance with the macroscopic 
equations, by means of which the derivative da/dt can be independently deter- 
mined: 


A = (daldt) macros (99.11) 


the subscript indicating the result of such a calculation.f 
From (99.6), we then find 


BO) — Ragas (nan 


T da 
a Dia Os: ! 2) 


~ Baa(a — da) 


Strictly speaking, the function B(a) thus calculated pertains to the range a > ac, 
whereas we are interested in the value of B(a.,) for substitution in (99.10). 
However, since B(a) has no singularity at a = a,,, the function just found can be 
used at that point also. As a—a,,, the derivative (da/dt)macro tends to zero (the 
nucleus is in—unstable—equilibrium); division by a — a., gives a finite result. 
Formula (99.12) makes it possible in principle to calculate the coefficient B(a.) 
and hence the rate of formation of nuclei, without using a microscopic treatment. 


tThe question may arise of the correspondence between (99.11) and the “microscopic” definition 
(21.4), according to which the rate Y 6a/5f (summed over elementary growth events) is not A itself but 
the sum A= A+ Ba), But the derivative B‘(a) is small (outside the critical range) in comparison with 
the value (99.6), which includes the large factor Ram/T, and must be omitted, Quantities of this order 
have already been neglected in deriving (99.6), when the coefficient of the exponential in (99.1) was 
regarded as constant. 
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For example, in the case of boiling we have to apply the hydrodynamic equations 
to consider the growth of a vapour bubble in the liquid; for precipitation of a solute 
from a supersaturated solution, we have to deal with the growth of a precipitated 
grain as a result of the diffusion of the substance to it from the surrounding 
solution. 


PROBLEM 


Determine the “size diffusion coefficient” for the precipitation of a substance from a supersaturated 
(but nevertheless weak) solution; the nuclei are assumed to be spherical. 

SOLUTION, The thermodynamic formulae are as follows. The critical radius at which a nucleus is 
precipitated from a supersaturated solution is 


Qcr = 2av'|(p" — uO); 
see SP 1, §162, Problem 2. In the present case, pe and v’ are the chemical potential and molecular 
volume of the substance of the nucleus, and yw’ the chemical potential of the solute in solution: 
u’=T logc+ ¥(P,T), where c is the concentration, With the concentration co. of the saturated 
solution above a plane surface of solute: T log coe + w = wo, we have 
uw’ — wo= T log(clco«) = T(c — cox)/ Cox 
the latter equation is valid for weak solutions. The critical radius is therefore 
Qcr = 2av'Coxd T(c — Coz). (1) 
The formula 
Coa = Cox({1 + 2av’/Ta) 
= Cox + (Aela)(C — Cox) (2) 
gives the saturation concentration cog above a Spherical solute surface with radius a. 
The substance reaches the nucleus as it grows, beyond the critical range, by diffusion from the 
surrounding solution. In a steady state, the spherically symmeiric concentration distribution c(r) round a 


nucleus of radius a is given by the solution of the diffusion equation 


éc{r) 
on 


12? S ~ 
DAc(r) = Di aprew= =0, 


with the boundary conditions c(*)=c (the given value of the concentration of the supersaturated 
solution) and c(a) = coe Hence 


c(r) = c—(c— cou )alr, 
and the diffusional flux towards the nucleus is 
I = 4a1'D deldr 
= 47Da{c — Coz) 
= 4nD(e — coca — Aer): 


in the last equation, formula (2) is used. 
If the concentration is defined as the number of dissolved molecules per unit volume, then I is the 
number of molecules deposited on the surface of the nucleus per unit time. We have 


(dal dt) macro = Tv'/47a? 
= (Dv']a’)(a — de)(c — cox) 
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and, from (99.12), 


Bac.) = TDv'(c — co-){8 7002, 


= Dv" co.f4aa4. 


§100. Kinetics of first-order phase transitions. Coalescence 


The treatment in $99 of phase-transition kinetics relates only to the initial stage 
of the transition: the total volume of all nuclei of the new phase has to be so small 
that their formation and growth have no appreciable effect on the “degree of 
metastability’’ of the main phase, and the critical size of the nuclei, determined by 
the degree of metastability, may be regarded as a constant. In this sta:ze there is a 
fluctuational formation of nuclei of the new phase, and the growth of each nucleus 
is independent of the behaviour of the others. We shall refer to the particular case 
of solute precipitation from a supersaturated solution; the degree of metastability is 
then the degree of supersaturation of the solution. 

In the later stage when the supersaturation of the solution becomes very slight, 
the nature of the process is quite different. The fluctuational formation of new 
nuclei has now practically ceased, as the critical size is great. The increase in the 
critical size accompanying the steady decrease in the degree of supersaturation has 
the result that the smaller among the grains of the new phase already formed fall 
below the critical range and redissolve. Thus a decisive role at this stage is played 
by the “swallowing up” of sinall grains by large ones, which grow as the result of 
the dissolution of the small ones (coalescence). This stage will be discussed in the 
present section. It is assumed that the initial concentration of the solution is so 
sMall that the precipitated grains are far apart and their direct “interaction” may be 
neglected.t 

We shall consider a solid solution in which the precipitated grains are at rest and 
grow only by diffusion from the surrounding solution. In order to illustrate the 
method and the basic qualitative features of the process, we shall also make a 
number of other simplifying assumptions, neglecting the elastic stresses round the 
precipitated grains, and assuming that these are spherical. 

The equilibrium concentration of the solution at the surface of a grain with 
radius a is given by the thermodynamic formula 


Coa = Col + 2av'/Ta), (100.1) 


where Cy. is the concentration of a saturated solution above a plane surface of the 
solute, a the surface tension coefficient at the phase interface, v' the molecular 
volume of the solute; see §99, Problem. The concentration is defined in terms of 
the volume of the substance dissolved in unit volume of the solution. With this 
definition, the diffusive flux i= Ddc/dr at a grain surface is equal to the rate of 


+The theory given here is due to I. M. Lifshitz and V. V. Slezov (1958). 
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change of the grain radius: 
da/dt = D[dc/dr},-.4 


where D is the solute diffusion coefficient. Because the concentration is assumed 
small, this rate is so small that the concentration distribution round the grain can be 
regarded as equal, at each instant, to the steady distribution c(r) corresponding to 
the relevant value of a: 


c(r)= c —(C — Coa) alr, 


where c is the mean concentration of the solution. Hence the diffusive flux 
i(r) = Da(c — Co,)/r? and, with (100.1), 


i(a) = daldt 
= D(c =o Coa)/a 
D o 
= 7 (4-4): 


where the parameter o =2av‘'co./T and the quantity A=c—cox is the super- 
saturation of the solution. The quantity 


aq(t) = of A(t) (100.2) 


is the critical radius: when a > a,, the grain becomes larger (da/dt >), and when 
a <a,, it dissolves (da/dt <0). In the following analysis, up to the final result, we 
shall measure time in units of a3,(0)/Do, where a,,(0) is the critical radius at the 
point where coalescence begins. Thus we have the equation 


da _ a2(0) (1-1) (100.3) 


dt a \a, al 


Next, let f(t, a) be the grain size distribution function normalized so that the 
integral 


Nw= | fe. a)da 


is the number of grains per unit volume. Regarding v, = da/dt as the rate of 
movement of the grain in size space, we can write the continuity equation in that 
space as 


ae ee 
at tq Ut) =0- (100 4) 
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Lastly, the conservation of the total quantity of solute is expressed by 
A+q=constant=Q, q(t)=$7 i a’ f(t, a) da, (100.5) 


where Q is the total initial concentration and g the volume of precipitated grains 
per unit volume of the solution. 

Equations (100.3)-(100.5) form a complete set of equations for the problem 
concerned. They can be transformed so as to involve variables that are more 
convenient for the analysis. 

We use the dimensionless quantity 


X(t) = dcr(t)/acr(0). (100.6) 


As to, the supersaturation A(t) tends to zero, and the critical radius cor- 
respondingly tends to infinity. Hence, as t varies from 0 to ~, the quantity 


7 =3 log x(t) (100.7) 


also varies monotonically from 0 to ©, and we shall take this as a new time 
variable. As the unknown function in (100.3) we take the ratio 


u = ala,{t). (100.8) 
The equation then becomes 
du3fdz = y(u—1)- wu’, (100.9) 
where 
y = y(7) = dt/x? dx > 0. (100.10) 


Going on now to analyse the equations, we shall first show that as 7 © the 
function y(7) must tend to a particular finite limit. 

The right-hand side of (100.9) has a maximum at u?=jyy, where its value is 
yGGy)'” - 1]. Thus, depending on the value of y, the rate du3/dz as a function of u 
may have any of the three forms shown in Fig. 34. When y = yo = 27/4, the curve 
touches the abscissa axis at u = ug = 3/2. 

Each point on the abscissa axis representing the state of a grain moves to the 
right or to the left, according to the sign of the derivative du*/dz. When y > yo, all 
points to the left of u, move to the left and disappear on reaching the origin. The 
points with u>u, move to the point u2, approaching it asymptotically from the 
right or from the left. This means that all grains with u> wu, ie. with radius 
a > W4a,,, would reach asymptotically the size a = a.,¥2, which tends to infinity with 
a; the total volume g of precipitated grains would thus also tend to infinity, so that 
the equation of conservation of matter (100.5) could not be satisfied. When y < yo, 
all points move to the left and disappear on reaching the origin after a finite time; in 
this case, q(7) > 0, and equation (100.5) again cannot be satisfied. 
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FIG, 34. 


Thus the function y(t) must tend to the limit yo and must do so from below: if it 
did so from above, or if y = yo exactly, all points with u > uo, moving to the left, 
would still become “stuck” at u = Uo (where du*/dz = 0), and equation (100.5) could 
not be satisfied, as in the case y(©)> yo. We must therefore have 


y(z) = Fl - €%(7)], (100.11) 


with € > 0 as 7 >©&, The points approaching from the right pass more and more 
slowly through the “hold-up” point u = uo. Their rate of passage is governed by the 
function e(7), which must again be determined from the equation of motion (100.9) 
and the equation of conservation of matter (100.5). 

Near the point u = to, equation (100.9), with y from (100.11), is 


du 2 K2_ 1 
=~ = —§(u —3) —3€7, 


dr 


With a new unknown function, the ratio z =(u—3)/e of two small quantities, we 
can write this equation as 


Sie 8 ( = lle) 

54 dr) (100.12) 
Analysis of this, similar to that of (100.9), leads to the conclusion that as + > « the 
function (7) must tend asymptotically to a finite limit y= 2/3, the value for 
which the right-hand side of (100.12) as a function of z touches the abscissa axis at 
the hold-up point z) = V3/2. The asymptotic equation 7» = no gives the limiting form 


e(7) = V3/2r. (100.13) 
When 7?> 1, the correlation term in (100.11) may be neglected. The equation 
l/y = x? dx/dt = 4/27 then gives the limiting form of the time dependence of the 


critical radius: 


x(t) = de t)/ a0) = (4t/9)"”. (100.14) 
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Since 7 = log x’, the condition for (100.14) to be applicable, expressed in terms of 
the actual time t, is log? t > 1. It is noteworthy that, although the relative magnitude 
of the corrections to yo decreases rapidly with increasing + and the first ap- 
proximation (100.14) becomes more and more nearly exact, the behaviour of the 
solution near the hold-up point is governed by just these corrections. 

Let us now calculate the grain size distribution function. The distribution 
function in the variables u and 7 is related to that in t and a by 


o(7,u)du =f(t,a)da, f =a. (100.15) 


The continuity equation for this function is 


Le ee = 
ae tGj(tue) = 0, dy = dufdr. (100.16) 


The rate v, is given by (100.9), with y = 27/4, everywhere except in a neighbour- 
hood (~ €) of uo: 


] 
v, == = — 3 2(u—2)"(u + 3). (100.17) 
The solution of equation (100.16) has the form 
o(7,u)= x[r-—7(u)/—v,, 7) =| du]v,, (100.18) 
0 


where yx is a function to be determined. 

We have seen that all points representing grains move from right to left on the 
u-axis, pass through the neighbourhood of the hold-up point, and spend a longer 
time there if they arrive later. This neighbourhood thus acts as a sink for points 
with u > up and as a source for the range u < Uo. 

The distribution function to the right of uo, as 7 > ©, is determined by the points 
arriving from infinity, which correspond to grains in the “tail” of their initial (7 = 0) 
distribution. Since the number of grains in that distribution of course decreases 
rapidly (in practice exponentially) with increasing size, the distribution function in 
the range u > up (outside the immediate neighbourhood of uo) tends to zero as 
T > ©, 

In the equation of conservation of matter (100.5), the term A(7v) > 0 as r> ™ 
Expressing the integral gq in terms of the variables 7 and u, with a’ = u’x’a3(0) = 
we'a®{0), we find 


Ke" | wo(7,u)du=1, «x =47a%,(0)3Q; (100.19) 
0 
here ¢ is to be substituted from (100.18), with v, from (100.17).7 It is immediately 


+We shall not pause to prove that the relative contribution to the integral from the neighbourhood of 
ua, Where (100.17) is not valid, tends to zero as 7 > &™. 
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evident that the expression on the left of (100.19) can be independent of 7 only if x 
has the form 


x[7-7(u)} = Aewr™, 


The function 7(u) is calculated by elementary integration, and the result is 


g(z, u) = Ae"P(u), (100.20) 
where 
3 exp[ — /(- 
P(u)= tee u<3, (100.21) 
P(u)=0, u>}. 


The constant A is determined by substituting (100.20) back into (100.19); numerical 
evaluation of the resulting integral gives A = 0.9/x. The function P(u) is necessarily 
normalized to unity: 


ug 32 e™ 0 
i P(u) du = | au=— | e'dv=\1. 
v o — Du 0 


The number of grains per unit volume is therefore 


N= i ” (x,t) du = Ae" = 9A/4t. (100.22) 
0 


It is easy to find also the value i averaged over the distribution (100.21). To do so, 
we consider the integral 


ug Ug 0 
i P(u)(u — I)du -{ eu — 1) a ={- e"[u(7) — 1]dz. 


u 


Substitution of u(7)— 1 from (100.9) gives 


gi a dt ==> mat (r)e7}°.. =0. 


4 0 
%[e[un+ 
Thus 
ug ug 
u ={ P(u)u du =| P(u) du = 1, 
0 0 


i.e. 2 = a,,(t), the mean size being equal to the critical size. 
We can assemble the above formulae and rewrite the results in terms of the 
original variables—the grain radius a and the dimensional time t. The mean grain 


PK %~ - 
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radius increases asymptotically with time according to 
a = (40D1/9)"”. (100.23) 


The grain size distribution is given at any time by (100.21): the number of grains 
whose radius is in the range da is P(a/a) da/a. The function P(u) is non-zero only 
when u <3, and is shown graphically in Fig. 35. The asymptotic distribution is 
independent of the initial distribution at the start of coalescence. The total number 
of grains per unit volume decreases with time according to 


N(t) = 0.5Q/Dot. (100.24) 


The supersaturation of the solution tends to zero: 
A(t) = (907/Dt)"’. (100.25) 


To see the significance of these relations, note that in the above treatment the 
total volume of the solution is regarded as infinite, and the total amount of solute is 
therefore infinite also. In a finite volume the process is of course complete after a 
finite time, when the whole of the solute has been precipitated into one mass. 


§101. Relaxation of the order parameter near a second-order phase transition 


It is well known that the change in state of a body in a second-order phase 
transition (phase transition of the second kind) is described by the order parameter 
ym, which is non-zero on one side of the transition point (in the “unsymmetrical” 
phase) and zero on the other side (in the “symmetrical” phase). The discussion in 
SP 1, Chapter XIV, related to the properties of bodies in thermodynamic equili- 


Plu) 
2 


o5 
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brium near transition points. Let us consider the relaxation of the order parameter 
in a system not in equilibrium. 

The equilibrium value of the order parameter, denoted here by %, is determined 
by minimizing the corresponding thermodynamic potential. In order to deal with 
cases of spatial homogeneity and inhomogeneity, we shall use the potential 0, a 
function of the temperature T and the chemical potential » (for a given total 
volume of the body); cf. SP 1, § 146. 

In a spatially homogeneous body, the value of 7 is determined by the minimum 
of O(T, p, n) (the thermodynamic potential per unit volume) as a function of 7 with 
given T and p: 


dQJan =0. (101.1) 
If this condition is not satisfied, a relaxation process occurs, in which y varies with 
time and tends to 7. In a state not far from equilibrium, i.e. when dQ/d7 is small 
but not zero, the relaxation rate (the derivative dy/dt) is also small. In the Landau 
theory, where fluctuations of the order parameter are neglected, we must suppose 
that the relation between these two derivatives amounts to a simple propor- 
tionality: 
dyidt = — yaQ{an, (101.2) 
with a constant coefficient y (L. D. Landau and I. M. Khalatnikov, 1954). 


In the Landau theory, the thermodynamic potential near the transition point has 
the form 


0 = OAT, p) + (T - Tan’ + bn‘, (101.3) 
with a positive coefficient b. If the unsymmetrical phase corresponds to T < T,, 
then a > 0 also; see SP | (146.3). The equilibrium value of the order parameter in 
the unsymmetrical phase, i.e. the solution of equation (101.1), is 
4 =[a(T, — T)/2b}"”. (101.4) 
The relaxation equation (101.2) becomes 
dni dt = —2y((T — T.)an + 2bn'}, 


or linearizing with respect to the small difference 6 = y— 7, 


d&nldt = —Sy/7 (101.5) 


where 


wo = W4ya(T.-T), T<T.. (101.6) 


As t > ©, the difference 6x must tend to zero; hence we must have 7> 0, and 
therefore y > 0. 
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The relaxation in the range T > T, is treated similarly. Here 7 =0, and the 
linearized expression for the derivative is 


dOf/an = —2a(T — T,)6n. 
Accordingly, (101.6) is replaced by 
to= I[2ya(T —T.), T> Ti. (101.7) 


The quantity 79 is the relaxation time for the order parameter. We see that it 
tends to infinity as T — T,. This is of fundamental importance for the whole theory 
of phase transitions. As already noted in SP 1, §143, it ensures the existence of 
macroscopic states Corresponding to incomplete equilibrium for given non-equilit- 
brium values of 7. The theory given in §§ 101 and 102, which treats the relaxation 
of the order parameter independently of that of other macroscopic characteristics 
of the body, depends on this property for its significance. 

In a spatially inhomogencous system, we have to consider the total ther- 
modynamic potential, given by the integral 


O,= | {09+ a(T = T.)n?+ by’ + g(Vn)} dV; (101.8) 


see SP | (146.5). The corresponding equilibrium condition is found by varying the 
integral with respect to 7 and equating the variation to zero. Integrating by parts in 
the gradient term, we get as the condition of equilibrium 


2a(T — T.)n + 4by— 2gAn ~ Sylyto— 2¢A8n = 0: 


we have taken the particular case of the unsymmetrical phase with T < T,. 
Correspondingly, there is an additional term in the relaxation equation: 


d5n (= } 
ac) ey cad He ; ie 
at - 2yg Ady (101.9) 


For each of the spatial Fourier components of the function 67(t.r), this gives 


dém._ _ dm I _ | 2 
Tes —S, at Dygk’ (101.10) 


We see that the relaxation time for components with k 4 0 remams finite as T » T., 
but increases with decreasing k. 

Lastly, if we include in © the term — yh which describes the effect of an external 
field on the transition (see SP 1 (146.5)), the relaxation equation becomes 


piled! oes 28 2ygAdn + yh. (101.11) 
0 


§ 102 Dynamical Scale Invariance 44] 
If the field is assumed periodic, 


i(k. r- wt) 
’ 


hxe 
we then obtain 


dy. = X(o, k)/h, 


with the generalized susceptibility 
x(@, k) = yl(7x' — iw). (101.12) 


This expression has a pole at w = —iz,', in accordance with the general statement 
made at the end of §91. When w = 0 and k = 0. it reduces to y(0, 0) = 1/4a(T. — T), 
in agreement with SP 1 (144.8). 

According to the fluctuation—dissipation theorem, the generalized susceptibility 
(101.12) determines the spectral correlation function of the fluctuations of the order 
parameter by the formula (in the classical limit fiw < T) 


(87 )ux = (2T]w) im y(w, k) = 2yT(w? + 7,2). (101.13) 
This is the space-time Fourier component of the correlation function 
(6y(0, 0)5y(t, r)); the mean values of the products of Fourier components of the 
fluctuations are related to (67°)... by 


(Squrdque) = (277)*8(w + w')8(k + k')(87) ure 


Integration of (101.13) over dw/27 gives the spatial Fourier Component of the 
single-time correlation function (67(0, 0)5y(0, r)):t 


(512 = | (81 )ox deol 27 


= T)[2gk? + 4a(T, — T)}. (161.14) 


§102. Dynamical scale invariance 


The theory in § 101 does not take account of fluctuations of the order parameter. 
Its applicability is therefore restricted by the same conditions as for the Landau 
thermodynamic theory of phase transitions. These conditions are not satisfied in a 
neighbourhood of the transition point, the ‘‘fluctuation” region. 

In this region, the kinetic properties of the body, like the purely thermodynamic 
properties (see SP 1, § 148), can be described by a set of critical indices (or critical 


tIn comparing (101.14) with SP ! (146.8), it must be remembered that the latter formula relates 1o 
components in the expansion as a Fourier series in a finite volume V, not as a Fourier integral. 
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exponents) which specify the manner of variation of quantities as the transition 
point is approached. It proves possible to derive certain relations between these 
indices by extending to include kinetic effects the hypothesis of scale invariance 
formulated for the thermodynamic properties in SP 1, § 149; this generalization is 
termed dynamical scale invariance. 

The nature of the singularity of the thermodynamic quantities at the transition 
point depends on the number of components of the order parameter describing the 
transition, and on the structure of the effective Hamiltonian formed from them (see 
SP 1, § 147). For the kinetic quantities, the range of possible cases become more 
various because of the different possible forms of the ‘“‘equations of motion” 
describing the relaxation. Let us first consider the simplest case, that of an order 
parameter having only one component (B. I. Halperin and P. C. Hohenberg 1969).+ 

A way to determine the relaxation behaviour that is possible in principle, but not 
in practice, is to calculate the exact (including fluctuations) generalized suscep- 
tibility x(@, k; T) for the order parameter 7 under the action of the external field. 
The time variation of y during the relaxation is governed (as was explained in §91) 
by the singularities of x as a function of the complex variable w. If the singularity 
nearest the real axis is the simple pole at w = —i77'(k; T) on the imaginary axis, 
each Fourier component of the order parameter decays exponentially, with relax- 
ation time 7(k; T). As well as the critical indices which determine the behaviour of 
the thermodynamic quantities, we use two indices y and z which describe the 
function y(, k; T): 


7x |T-T,.’ when k=0, (102.1) 
7 ak? when T= T,., (102.2) 


with y > 0, z>0, since the relaxation time becomes infinite for k =0, T = T,. 

It is plausible to assume that, near a second-order phase transition (in the 
fluctuation range), the relaxation time is independent of the temperature if it is 
measured in units of 7) = 7(0; T) and the lengths 1/k are measured in units of r.(T), 
the correlation radius for fluctuations of the order parameter. Thus 7(k; T) must 
take the form 


a(k; T)=|T — T°’ f(kr.), (102.3) 


where f depends on the temperature only through r,(T) in the product kr,, and 
f(0) = constant. 

Since r, > © when T > T,, in accordance with the definition of the critical index 
z we must have f(é) « €7 as € > ©. The temperature dependence of 7 can then be 
separated as the product 


P= Tl |e = Fel" 
+This is the case, for instance, in the relaxation of the magnitude of the magnetization vector in a 


ferromagnet near its Curie poinl, where strong relativislic interactions fix the crystallographic direction 
of the vector. 
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where v is the critical index for the correlation radius:t 
r, * |T-T,[”. (102.4) 
But 7 must remain finite as T > T, (with k¥ 0). Hence it follows that we must have 
y = zp. (102.5) 


Thus the assumption of scale invariance enables us to relate the two indices in 
(102.1) and (102.2). 

As in the static case, there is good reason to suppose that the critical indices are 
the same on both sides of the transition point. This is because the spatial 
inhomogeneity (k# 0) blurs the phase transition, in the sense that it eliminates the 
singularities of all quantities at T=T,, in this respect, the inhomogeneity 
influences the phase transition in the same way as an external field. In other words, 
the point T = T, is no longer distinctive, so that there is no reason to expect a 
difference between the values of z as T tends to T, from above and from below. 
By virtue of the relation (102.5), the same is then true of the index y. 

We can similarly relate z to the other critical indices. Let us consider, for 
instance, the dependence of the susceptibility y on w when k=O, at the point 
T = T,. According to scale invariance, the function y(@,k; T,) may be put in the 
form 


x =|T —T.[°f(w7, kr,), (0, 0) = constant, 
where y is the critical index for the susceptibility when k =0 and  =0. For k =0 
and T > T,, the susceptibility must tend to a finite limit (if w@#0). Since ip « 
|T — T.|-*, we find that this implies 
fEOeE™ as Erx, 
The required dependence of x on w is therefore 
x *w”™™ for k=0, T= T,. (102.6) 
In the case considered, then. the demands of scale invariance enable us to 
establish a relation between the kinetic and thermodynamic critical indices, but not 
to determine the former entirely from the latter. 


§ 103. Relaxation in liquid helium near the A -point 


Let us now consider “degenerate” systems in which the order parameter has n 
components 7 but the effective Hamiltonian depends (in a homogeneous system) 


+The notation for the critical indices of the thermodynamic quantilies here and below is the same as in 
SP 1, §148. 
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only on the sum of the squarcs of these components. That ts. if the set of the 7 is 
regarded as an n-dimensional vector, the effective Hamiltonian is independent of 
the direction of the vector. 

A typical example is a purely exchange ferromagnet, whose energy is in- 
dependent of the direction of the magnetization vector. Another example is a 
superfluid (liquid helium), in which the order parameter is represented by the 
condensate wave function 


B= Vine: (103.1) 


sce SP 2, §§26 and 27. This complex quantity is a set of two independent 
quantities, but the energy of a homogencous liquid depends only on the squared 
modulus |=/* = no, the density of the condensate. 

The specific properties of degenerate systems are due to the presence in their 
vibrational spectra of a soft mode, a branch which results from variations in the 
direction of the ‘order parameter vector”; the frequency of these is zero at the 
phase transition point. Their dispersion relation can be found from the macroscopic 
equations of motion, and must satisfy the requirements of scale invariance. As we 
shall see, this allows the kinetic critical indices to be expressed entirely in terms of 
the thermodynamic ones. We shall do this for the case of liquid helium (R. A. 
Ferrell, N. Menyhard, H. Schmidt. F. Schwabl and P. Szépfalusy 1967). 

In this case, the soft mode is second sound. Near the transition point, it Consists 
of combined oscillations of the superfluid velocity vy, and the entropy; the normal 
velocity oscillation amplitude in second sound is v, ~ v.p/pn, and near the phase 
transition point (the A-point) it is small, like p,. The superfluid velocity is related to 
the phase of the condensate wave function, v, = AV®/m, so that oscillations of vy, 
imply oscillations of the phase, i.e. of the direction of the order parameter vector. 
The dispersion relation for these oscillations is 


@ = Uk, (103.2) 


where 
U2 = V(TS’psl Cypn) ~ V(TrSipal Cop) (103.3) 


is the speed of second sound (S being the entropy and C, the specific heat per unit 
mass of the liquid): near the A-point, T and S may be replaced by their values T, 
and S, at that point, and p, (the density of the normal component of the liquid) by 
the total density p.* 


iThe speeds of first and second sound in fiquid helium are calculated (see FM, § 130) as the roots of 
the dispersion relation 


Porn. eP’) wis] psTS? (2P) 
-u}(—) +2 +-[+2>(—) =o. 
ms 2 Ge s pals prCp \ap/s 


Outside the immediate neighbourhood of the A-point. the thermal expansion coefficient is small. and 
therefore so is the difference C,—C,, so that we can put C, ~ C,. As T > Ti, Cp becomes noticeably 
different from C,, but p,; > 0, and we then arrive at (103.3). 


§103 Relaxation in Liquid Helium Near the d-point 445 


As T > T,. the density p, tends to zero according to 
py % (T, — TYE ?%, (103.4) 
where a is the critical index for the specific heat: 
Co SIH Fr: (103.5) 


see SP 2 (28.4). The way in which u2 tends to zero depends on the sign of a. If 
a >0, so that C, > x, we have 


ur « (T, — T)?, a> 0. 


If «<0, C, tends to a finite limit (the critical index defines the behuviour of only 
the singular part of the specific heat near the transition point); then 


uw « (T,-— T)?°*, a <0. (103.6) 


We shall suppose here that a <0, as in fact seems to be true for liquid helium 
(a = — 0.02). 

The damping of second sound is governed by the imaginary part of the 
frequency. Far below the A-point, this imaginary part is small, but it increases as 
the A-point is approached, and in its immediate neighbourhood (kr, ~ 1) becomes of 
the order of unity (im w ~ |e). At a sufficient distance above the A-point, we have 
an ordinary damped thermal wave (the solution of the thermal conduction equa- 
tion), with the dispersion relation 


@= ixk’/pC,, (103.7) 


where « is the thermal conductivity. 
We now apply the hypothesis of scale invariance, according to which the 
dispersion relation near the A-point must have the form 


w = k*f(kr.). 


This may also be written ast 


ie 7), (103.8) 


o= ks (Tie 


with a different function f, v being the critical index for the correlation radi’. 
The validity of the dispersion relations (103.2) and (103.7) is not restricted by any 
condition of distance from the A-point, but at a given temperature it is limited by 


+These relations must be valid in the fluctuation region, which means that the inequality |T — T,| <« Th 
must always be satisfied. There is evidence, however, that in liquid helium this inequality must actually 
be satisfied with plenty to spare, implying that the theory should involve some small numerical 
parameter. 
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the condition kr, <1: the wavelength must be much greater than the correlation 
radius, since otherwise the macroscopic equations on which these relations are 
based cease to be valid. 

Let us first consider temperatures below the transition point. The requirement 
that for kr, < | the dispersion relation be linear in k determines the limiting form of 
f(&) in (103.8): 

f()« (-éEY" as ED-~, 
The temperature dependence of the dispersion relation is found similarly: 
w « k(T, -T)’*". (103.9) 
Comparison of this with (103.6) gives 
v(z — l)=(2-a)/6. 
The critical indices v and a are related by 3v = 2—a (see SP | (149.2)); hencet 


z = 3/2. (103. 10) 


As T—> 7), the frequency must tend to a finite limit, and therefore f(0)= 
constant. Thus the dispersion relation for second sound at the A-point itself is 


w « k?, (103.11) 

The imaginary part of w is of the same order of magnitude as the real part. When 
T # T,, the dispersion relation (103.11) is valid for short waves such that kr, > 1. 

Lastly, let us consider the tempcrature range T > T,. Here, when kr, <1, w must 
be a quadratic function of k. This implies that 

f(E)« EM as Ea +m, 
Then 
wo «k*(T- Ty", 


Comparison with (103.7), expressing v in terms of a, gives the temperature 
dependence of the thermal conductivity: 


Kk « (T~ T,y?™, (103.12) 
This tends to infinity as T > T,, approximately as (T — T,)"”. 
Second sound involves oscillations of the phase ® of the condensate wave 


function. Hence 1/im w also represents a phase relaxation time. When k > 0 it of 


Wf a <0, z=3/(2—a). 
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course tends to infinity: in a homogeneous liquid, the change in phase does not lead 
to a change in energy, and phase relaxation is therefore not possible. 

The relaxation time for |=] = no, the condensate density, is not in general the 
same as the phase relaxation time. However, from the sense of scale invariance we 
can say that the two times agree in order of magnitude when kr, ~ |. According to 
(103.9), this time is 


ze l « a —v(z-l) oy vz 
T w(I/r.) r-(T) T) Oo (T, T) 7 


With z from (103.10), 

7 «(T,-T) (103.13) 
The relaxation time for the condensate density remains finite as k > 0, and does 
not tend to infinity like the phase relaxation time. The temperature dependence 


(103.13) of the condensate density relaxation therefore remains valid when k = 0 
(V. L. Pokrovskii and I. M. Khalatnikov 1969).7 


tIf a >0, we should obtain 7 « (T,—T)", in exact agreement with the result (101.6) of the Landau 
theory. This agreement, however, is to some extent accidental. 
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